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PREFACE 
This dissertation is written as a cumulative PhD thesis. The Chapter 1 is a general introduction. 
Chapters 2 and 3 are independent papers that were accepted in peer reviewed journals. Thereby, 
these chapters format is according to the journals where the manuscript has been accepted. 
Chapter 4 is a paper for submission in a peer reviewed journal as well. The list of publications 
and my contribution to each is provided at the end of the thesis. Chapter 5 is a synopsis, 
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____________________________________________________________________________ 
This cumulative dissertation evaluates microbial communities in relation to tree diversity and 
identity in major European forest types. Bacterial and fungal communities were assessed by PCR-
amplifying specific marker regions and sequencing with Illumina technology. This work was 
conducted in the frame of the SoilForEUROPE project which focusses on belowground 
biodiversity across a latitudinal gradient covering four countries.  
The introduction in Chapter 1 presents this work motivation, aims and framework. Chapter 2 
evaluates fungal communities and enzymatic activities associate to tree traits. We demonstrated 
that fungal guilds and enzymes correlate with root traits and litter quality traits and affect fungal 
community composition.  This manuscript highlights the tree traits effect of either ‘fast’ or ‘slow’ 
tree communities driving different fungal guilds and the influence of biogeochemical cycles. 
Chapter 3 studies the particular relationship of root trait divergence with bacterial communities 
and their associate genes, and its effect on plant performance. The main results indicate that 
predicted genes, linked to plant growth activities, increase from monospecific to multispecies 
forests. However, the abundance of those functional genes declined with the increasing functional 
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dispersion of the roots in multispecies forest. Moreover, multispecies forests have a higher 
complexity in their bacterial communities, which points towards more stable forest systems with 
greater functionality. 
Chapter 4 explores the bacterial and fungal communities across forest compositions and revealed 
that their assemblies are linked to specific soil depths. A Machine learning model that used 
microbial taxonomy as features identified niche preferences, however the use of bacterial 
metabolic pathways and fungal guilds as features showed lower performance of the predictive 
model. Microbial abundances and diversity were specially affected by soil depth and by the 
presence of evergreen trees. Bacterial diversity was primarily shaped by soil depth and while 
fungal diversity responded strongest to forest composition. Microbial niche preferences were 
analyzed in terms of life strategies and the potential importance of mixed forest is discussed. 
Chapter 5 is a synopsis synthesizing overall conclusions on microbial communities of the 
exploratory forest and overall opinions about the SoilForEUROPE project. 
Copyright notice 
Chapters 2 to 3 have been either published in or submitted to international journals for publication. 
Copyright is with the authors. Just the publishers and authors have the right for publishing and 
using the presented material. Therefore, reprint of the presented material requires the publishers’ 
and authors’ permissions. 
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SUMMARY
Investigating forest soil biodiversity is essential to increase our understanding of ecosystem 
functions, assess potential consequences of global change, and thus optimize future decision-
making processes. This cumulative PhD thesis contributes to this field by elucidating responses 
of bacterial and fungal forest soil communities, and their associated functions, in relation to tree 
diversity using a trait-based ecological approach with a focus on microbial living strategies. The 
three main chapters investigated microbial communities, using PCR-amplicon molecular 
methods, bioinformatics and novel statistics in the frame of the SoilForEUROPE project funded 
through the 2015–2016 BiodivERsA COFUND call for research proposals.  
Links between above-belowground biodiversity are crucial to understand forest functionality. For 
instance, studies on relationships of tree diversity and tree identity with microbial diversity reveal 
shifts in litter decomposition, nutrient cycling, primary production and the regulation of greenhouse 
gas emissions. These kinds of studies commonly compare microbial populations of different tree 
taxonomical groups. However, the effects of different tree taxa on microorganisms are mediated 
by tree morphology, physiology, phenology and genetics. Therefore, the use of specific plant traits 
to study biodiversity has become more frequent, adding a mechanistic understanding of 
compositional or functional shifts and interactions with soil microbial communities. This 
generalizable approach provides a common currency to compare similar microbial communities 
from different regions or environments with few microbial taxa in common.  
Microbial communities are also filtered by other processes such as global drivers, stochastic 
events, abiotic and biotic factors in addition to the mentioned tree traits. This environmental 
filtering process results in a functional microbial community structure, also with their own set of 
traits to increase their population size through higher performance and as response the capacity 
to affect their own ecosystem. Furthermore, it is expected that a particular set of microbial traits 
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represents the life history strategies that favored a particular community under specific 
environmental conditions.  
This thesis correlates tree traits with bacterial and fungal communities by using a wide-ranged 
European forest platform with 64 plots of four different latitudinal regions. The SoilForEUROPE 
design also included multispecies and monospecific forests comprising 13 main tree species and 
33 different tree species compositions. All these conditions supplied a diversity of environments 
to improve our knowledge of microbial soil diversity and above-belowground interactions. The 
here presented thesis encompasses five individual chapters. 
Chapter 1 provides the research context, project presentation and the main approach used. The 
Chapters 2 and 3 were developed in association with colleagues from the University of Freiburg 
and investigate four major European forest types: boreal forests (Finland), hemi‐boreal forests 
(Poland), mountainous beech forests (Romania) and thermophilous deciduous forests (Italy). 
Chapter 4 focuses purely on temperate forest plots and Chapter 5 compiles and concludes the 
results and presented ecological meanings. 
In particular, Chapter 2 evaluated the influence of tree species composition and diversity on fungal 
diversity and community composition, and highlights the relationships of fungal guilds and 
enzymatic activities with tree traits in detail, while also taking environmental variables into 
account. We demonstrated, how guilds like fungal saprotrophs mirror the litter quality, while tree 
root traits are often linked to an increasing number of fungal symbiotrophs. We found that forest 
types of higher latitudes, which are dominated by fast tree communities, correlated with high 
carbon‐cycling enzymatic activities. In contrast, Mediterranean forests with slow tree communities 
showed high enzymatic activities related to nitrogen and phosphorus cycles. 
In Chapter 3, we investigated links between bacterial communities, their functionality and root trait 
dispersion. Bacterial diversity revealed no major changes across the root functional dispersion 
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gradient. In contrast, predicted gene profiles linked to plant growth activities suggested an 
increasing bacterial functionality from monospecific to multispecies forest. We also exposed that 
in multispecies forests, the bacterial functionality declines with the increasing functional dispersion 
of the roots. We further revealed important effects of the tree species identity on bacterial 
community composition, but we did not find significant relationships with root functional 
dispersion. However, bacterial network analyses indicated that multispecies forest have a higher 
complexity in their bacterial communities, which points towards more stable forest systems with 
greater functionality. 
Chapter 4 aimed to explore microbial communities of different soil depths from 0 to 30 cm across 
forests covering deciduous, evergreen and mixtures plots. Microbial abundance and diversity 
were especially affected by soil depth and by the presence of evergreen trees. Results showed 
higher accuracy to detect niche preference by using taxonomy levels than metabolic pathways or 
fungal guilds as features of a machine learning model. We found that bacterial communities are 
primarily shaped by soil depth in contrast to fungal community, which were rather influenced by 
the forest composition. Results also supported the importance of mixed forest to maintain nutrient 
cycling and a broad diversity of metabolites compared to monospecific forest and this differences 
where particular perceived in the upper 10 cm of soil.  
Chapter 5 concludes the thesis and presents a few remarks highlighting microbial strategies that 
might be favored under a particular soil forest composition. 
Overall, this thesis not only revealed the ecological patterns of soil forest microbial communities, 
but also provides a practical tool with necessary information to support decision-making and 
enlarge the schemes to conserve soil biodiversity. 
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ZUSAMMENFASSUNG 
Die Untersuchung der Biodiversität in Böden von Waldökosystemen ist essentiell, um wichtige 
Ökosystemfunktionen und Dienstleistungen zu detektieren, mögliche Folgen des globalen 
Wandels abzuschätzen und damit zukünftige Entscheidungsprozesse zu optimieren. Unter 
Verwendung eines ökologisch-funktionellen Ansatzes, der den Einfluss pflanzenspezifischer 
Merkmale auf assoziierte mikrobielle Gemeinschaften im Boden und deren Überlebensstrategien 
abschätzt, trägt diese Arbeit zu einem besseren Verständnis der Zusammensetzung und Funktion 
von Bakterien- und Pilzgemeinschaften in Abhängigkeit von Baumart und Diversität in 
Waldökosystemen bei. Im Rahmen des Projektes SoilForEurope und des Forschungsprogramms 
BiodivERsA 2015-2016 wurden mikrobiellen Gemeinschaften mittels PCR-basierte molekularer 
Methoden, Bioinformatik und neuartiger Statistik untersucht. Die jeweiligen Ergebnisse werden in 
den drei Hauptkapiteln dieser kumulativen Arbeit vorgestellt.  
Das Verständnis des Zusammenspiels zwischen ober- und unterirdischer Biodiversität ist 
ausschlaggebend, um Aussagen über die Funktionalität eines Waldes treffen zu können. Studien 
zeigen, dass die Identität und Vielfalt von Baumarten in einem Wald, und damit einhergehende 
Veränderungen in der mikrobiellen Diversität, zu Veränderungen in Streuabbau, 
Nährstoffkreisläufen, Primärproduktion und Regulation von Treibhausgasen führen. Solcherart 
Studien untersuchen jedoch oft nur den Einfluss der übergeordneten taxonomischen Gruppen 
auf die mikrobiellen Gemeinschaften, ohne dabei näher auf Einflüsse von Morphologie, 
Physiologie, Phänologie und genetische Merkmale von den Baumarten einzugehen. Die 
Betrachtung spezifischer Pflanzenmerkmale wird in der zukünftigen Biodiversitätsforschung als 
ein Schlüsselelement angesehen, da sie, im Gegensatz zu einer rein taxonomischen Zuordnung, 
eine mechanistische Erklärung für Veränderungen in der Zusammensetzung und Funktionen, 
sowie der Interaktionen mikrobieller Bodengemeinschaften bieten können. Zudem erlaubt dieser 
generalisierte Ansatz eine universelle Anwendbarkeit zum Vergleich ähnlicher mikrobieller 
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Gemeinschaften aus unterschiedlichen Regionen und Habitaten.  
Neben dem bereits erwähnten Einfluss verschiedener Pflanzenmerkmale werden mikrobielle 
Gemeinschaften zudem durch andere Prozesse wie globale Faktoren, stochastische Ereignisse, 
sowie diverse abiotische und biotische Faktoren beeinflusst. Dies führt zu einer stark funktions-
orientierten Gemeinschaftsstruktur, die durch die Ausprägung spezifischer funktioneller 
Eigenschaften ihre Populationsgröße zu steigern vermag und zudem in der Lage ist ihrerseits 
Einfluss auf ihre Umwelt zu nehmen. Die Zusammensetzung eines bestimmten Sets mikrobieller 
Eigenschaften, welches eine Anpassung der Gemeinschaft an spezifische Umweltbedingungen 
darstellt, lässt dabei Rückschlüsse auf die unterschiedlichen Überlebensstrategien der 
Gemeinschaften zu. 
In der vorliegenden Studie wurden spezifische Merkmale von verschiedenen Baumarten- und -
diversitäten mit Bakterien- und Pilzgemeinschaften korreliert. Die Proben stammen von 64 
Waldflächen, die sich als Teil einer großflächig angelegten europäischen Waldplattform über vier 
Breitengrade erstrecken. Das Design von SoilForEurope beinhaltet die Untersuchung von 13 
verschiedenen Baumarten in Monokulturen, die wiederum in 33 verschiedenen 
Zusammensetzungen auch als Mischkulturen auftreten. Die Komplexität des Designs mit einer 
Vielfalt an unterschiedlichen Untersuchungsgebieten eröffnete die einmalige Möglichkeit unser 
Wissen über mikrobielle Diversität in Böden, sowie ober- und unterirdischen Interaktionen in 
Waldökosystemen zu verbessern. 
Die vorliegende Dissertation besteht aus fünf einzelnen Kapiteln. Kapitel 1 beinhaltet eine 
allgemeine Einleitung in das Forschungsthema, stellt das Projekt und die Herangehensweise an 
die Fragestellungen dar. In Kapitel 2 und 3 werden die Ergebnisse der Zusammenarbeit mit den 
Kollegen der Universität Freiburg vorgestellt, die sich auf die Untersuchung der vier für Europa 
typischen Waldtypen konzentrierten: boreale Wälder (Finnland), hemiboreale Wälder (Polen), 
Buchen dominierte Gebirgswälder (Rumänien) und thermophile Laubwälder (Italien). In Kapitel 4 
wurden ausschließlich Wälder aus temperaten Klimazonen betrachtet und in Kapitel 5 die 
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Ergebnisse zusammengetragen und diskutiert, sowie ökologische Bedeutungen präsentiert. 
Im Detail werden in Kapitel 2 die Einflüsse von Baumart und -diversität auf die Zusammensetzung 
und Diversität der mykologischen Gemeinschaften evaluiert. Insbesondere wird dabei der 
Zusammenhang zwischen dem Auftreten bestimmter funktioneller Gilden von Pilzen und 
Enzymaktivitäten mit dem Vorhandensein bestimmter funktioneller Merkmale der Bäume 
untersucht, wobei auch Umweltparameter in die Analyse mit eingeflossen sind. Wir konnten 
zeigen, dass saproptrophe Pilze für die Qualität des Streus eine wichtige Rolle spielen, dagegen 
die Abundanz symbiotropher Pilze eher mit den Eigenschaften der Baumwurzeln verknüpft sind. 
Wir konnten zudem zeigen, dass Bäume in nördlicheren Breitengraden, die eine schnelleren 
Metabolismus und Wachstum aufweisen, mit Enzymaktivitäten des Kohlenstoffkreislaufs positiv 
korrelieren. Im Gegensatz dazu, waren Enzymaktivitäten des Stickstoff- und Phosphorkreislaufs 
deutlich erhöht in mediterranen Wälder, deren Baumarten einen eher langsameren 
Metabolismus und Wachstum präferieren.  
In Kapitel 3 werden Bakteriengemeinschaften und deren Funktionalität mit dem 
Vorhandensein verschiedener Wurzeleigenschaften in Relation gesetzt. Während die Diversität 
der bakteriellen Gemeinschaft sich nicht signifikant veränderte mit den Wurzeleigenschaften 
der Baumarten, so wurde doch eine höhere Aktivität der bakteriellen Gemeinschaft in 
Mischwäldern im Vergleich zu Monokulturen anhand Pflanzenwachstum-assoziierter 
bakterieller Genprofile nachgewiesen. Zudem konnten wir zeigen, dass in Mischwäldern die 
bakterielle Funktionalität mit steigender funktioneller Dispersion der Wurzeln abnimmt. Die 
Identität der Baumarten beeinflusst die Zusammensetzung der bakteriellen Gemeinschaften, 
zeigte jedoch keinen Zusammenhang mit den Wurzeleigenschaften. Jedoch zeigen 
Netzwerkanalysen der bakteriellen Gemeinschaften eine höhere Vernetzung in 
Mischwäldern, was auf ein stabileres System mit höherer Funktionalität hindeutet.  
Kapitel 4 legt den Fokus auf die Zusammensetzung mikrobielle Gemeinschaften in 
verschiedenen Bodentiefen von 0 bis 30 cm in Laub-, Nadel und Mischwäldern. Den 
größten Effekt auf die 
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mikrobielle Abundanz und Diversität hatte dabei die Bodentiefe und die Präsenz von 
immergrünen Bäumen. Die Auswertung mittels Machine learning führte zu akkurateren 
Ergebnissen hinsichtlich der Verteilung der Mikroorganismen, wenn anstelle von Stoffkreisläufen 
oder funktionellen Gilden, die Taxonomie als Ausgangsdaten verwendet wurden. Wir 
konnten zeigen, dass Bakteriengemeinschaften primär durch die Bodentiefe beeinflusst 
werden, hingegen sich Pilzgemeinschaften eher in Abhängigkeit von der 
Waldzusammensetzung verändern. Die Ergebnisse der Messungen von Aktivitäten in den 
oberen 10 cm des Bodens unterstreichen zudem die Bedeutung von Mischwäldern 
gegenüber Monokulturen für den Erhalt von Nährstoffkreisläufen, da in Mischwäldern die 
Vielfalt an Metaboliten deutlich höhere war als in Monokulturen. 
Kapitel 5 stellt eine Zusammenfassung der Ergebnisse dieser Dissertation dar und 
liefert zusätzliche Erläuterungen zu mikrobiellen Strategien, die in bestimmten Waldböden 
bevorzugt werden.
Alles in allem, deckt diese Dissertation nicht nur ökologische Muster in der 
Zusammensetzung mikrobieller Gemeinschaften des Waldbodens auf, sondern liefert 
auch eine praktisches Hilfsmittel mit Informationen um Entscheidungsträgern zu 




During the time I had to structure my PhD thesis, I felt astray. Although, I had gained experience 
and collected amounts of information on my PhD project path, I was hesitant on how and from 
which perspective to start this final step of compiling my thesis. This probably happened already 
to many students before me. The solution came from a German, which might makes sense 
because I am doing my PhD in Germany. But interestingly, this initial booster came actually from 
a past away German man with a revealing vision of the cosmos – Alexander von Humboldt. Like 
an unfortunate gift, I started to read “The invention of nature – Alexander von Humboldt’s new 
world” by Andrea Wulf. From my point of view, she did a nice job, capturing Humboldt’s 
interactions and I would like to recommend this book to everyone. During reading the story, fresh 
ideas on how to write my PhD thesis in a practical manner arose. I realized, that my life shares 
many parallels with Humboldt’s: his amazing experience in Latin America, where I originally come 
from; his travels from the coast region to the center of Colombia via the Magdalena River; his 
particular involvements in the Llanos of the Orinoquía region and Andean mountains, where I 
grew up; and the use of state of the art technologies to understand and compare nature and 
patterns of different ecosystems far from home, which was my own experience coming to 
Germany to achieve my PhD research. His initial concept of nature’s ecology expressed as “unity 
in diversity” had with no doubt an influence on many scientists and even non-scientist, who have 
been positively impacting our present age. My appreciation of Humboldt’s ideas and views helped 
me to find my own starting point. I suppose, what people call motivation or inspiration is not more 
than an interaction with something and/or someone being there before. 
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CHAPTER 1 - INTRODUCTION 
The “web of life”  
In her book “The invention of nature – Alexander von Humboldt’s new world”, Andrea Wulf wrote 
“Nothing, not even the tiniest organism was looked at on its own” to refer to Humboldt’s insight; 
“In this chain of causes and effects, no single fact can be considered in isolation” denoting 
Humboldt’s most important idea, the “web of life”. Humboldt also said “Nature is a living whole”, 
and his idea of life connectivity was represented by the Naturgemälde (painting of nature) that 
expresses a sense of “unity in diversity” (Wulf, 2015) (Figure 1). During his travels through South 
America, Humboldt recognized many ecological concepts, e.g. that plant communities shift along 
elevational gradients, or that plants are associated with “subterranean” mushrooms (Roberts, 
2011, Humboldt & Bonpland, 1805). 
Figure 1. Alexander von Humboldt’s „Naturgemälde der Tropen“, artistic creation to depict the 
vegetation of the Andes mountains (1807). The painting is a synthetic vision of the data he 
collected in South America. Source: Alexander von Humboldt: Das graphische Gesamtwerk. 
Herausgegeben von Oliver Lubrich./Darmstadt/ Lambert Schneider 2014. 
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In the llanos region, a wild and rude grassland ecosystem, Humboldt observed the biological 
phenomena around Mauritia flexuosa (Moriche Palm), which he called the "tree of life", because 
it captures a rich fauna and promotes moist soils, sheltering insects and worms. This description 
brought up the idea of keystone species, referring to taxa that have a large effect on its 
environment and the rest of the community, an idea that later became distinctively important in 
modern ecosystem understanding (Paine, 1969, Wulf, 2015), Figure 2. Moreover, Humboldt was 
amongst the first, who revealed the negative effect of biodiversity loss and predicted 
consequences. For example, he outlined the fundamental forest functions as an ecosystem and 
climate regulation, stating that trees provide an overall cooling effect, and are able to store water, 
to enrich the atmosphere with moisture, and to protect the soil (Wulf, 2015, Morrison, 2016). 
Figure 2. Mauritia flexuosa (Moriche palm); 
Alexander von Humboldt documented the 
tree and the ecosystem that it supports in 
1800, while traveling through the Llanos 
region of Venezuela. The "tree of life" is 
essentially described as a keystone 
species; I, myself, have witnessed such 
biological phenomena around the Moriche 
palm; Source: personal photography. 
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Despite the controversial discussion about Humboldt’s methods and the titles as “scientist” or 
“naturalist”, through history, many scientists verified his thoughts and concepts. Therefore, after 
more than 200 years, these concepts of Humboldt are more alive than ever. Current molecular 
methods, such as next generation sequencing allow us, even on a daily basis, to confirm that not 
even the tiniest organism, like a bacterium or a fungus, is excluded from what Humboldt called 
the “web of life” and constantly interacts with its environment (De Mandal & Panda, 2015, 
Boughner & Singh, 2016, Knief, 2014). Conversely, science has proven that microorganisms play 
a key role in maintaining other organisms and ecosystems (Prosser et al., 2007, Egan et al., 2020, 
Berg et al., 2020). Bacteria and fungi have demonstrated their relevance in various fields and 
many microbes have been recognized to have the status of keystone species (Banerjee et al., 
2018, Berry & Widder, 2014). Their accepted importance was growing until the point, when they 
even received their own terminology, i.e. the microbiome, and traditional views were reformed, 
i.e. from host to holobiont, considering not just the host, but also its associated microbiota (Simon 
et al., 2019, Egan et al., 2020, Berg et al., 2020). Despite the high aboveground diversity 
presented in Humboldt’s Naturgemälde, one can imagine, how astonished he would have been 
to realize that actually the belowground of the Naturgemälde is equally if not more diverse, 
connected, active and at least as important as the easily visible portion (Orgiazzi et al., 2016, 
Carey, 2016, Guerra et al., 2020, Wagg et al., 2014). However, as Humboldt had perceived that 
key processes and functionality might be dependent on the interplay of all earth organisms 
because they belonged together like a family occupying a dwelling, hence they can conflict with, 
or assist one another (Wulf, 2015). Presently this ecological notion has been proven in forest 
ecosystems, where aboveground and belowground diversity interact frequently. For instance, the 
relationships between small microorganisms with large and complex organisms like trees, such 
as plant growth promotion by bacteria or mycorrhizal fungi (De Deyn & Van der Putten, 2005, 
Eisenhauer, 2018, Schuldt et al., 2017). These links between above- and belowground are mainly 
beneficial, but can also lead to harmful effects as Andrea Wulf reminds: “When nature is perceived 
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as a web, its vulnerability also becomes obvious. Everything hangs together. If one thread is 
pulled, the whole tapestry may unravel”. This view represents, how changes in biodiversity affect 
the whole ecosystem, its functionality, and, thus, this topic is currently one of the foremost 
research purposes of our time (Guerra et al., 2020, Geisen et al., 2019, Bakker et al., 2019, 
Cameron et al., 2019). 
The SoilForEUROPE platform 
In this context, the effort of several scientists and institutions across Europe realized the 
FunDivEUROPE project (http://project.fundiveurope.eu/ and http://www.fundiveurope.eu/) to 
quantify the effects of forest tree biodiversity on ecosystem functions and services in major 
European forest types (Baeten et al., 2013). The necessity to explore further links between above- 
and belowground diversity generated the follow-up project SoilForEUROPE that aimed at (1) 
linking soil biodiversity to tree species richness across European forests, (2) determining the role 
of biodiversity in ecosystem resistance and resilience to drought, and (3) assessing the socio-
economic value of soil biodiversity and its impact on decision-making 
(https://websie.cefe.cnrs.fr/soilforeurope/). This project used the already existing network of forest 
plots ranging from monospecific to multispecies forests in four typical and climatically different 
European forest types that were established as forest exploratories in the FunDivEUROPE 
project. The focal regions cover large sandy, loamy and clay soils and climatic gradients as they 
occur across Europe. The regions follow a latitudinal gradient across different uneven‐aged, 
mature European forest types: boreal forests (Finland, North Karelia, MAT, 2.1 ◦C, MAP 700 mm), 
hemiboreal, nemoral coniferous, mixed broadleaved-coniferous forests (Poland, Białowieża 
Primeval Forest, MAT 6.9 ◦C, MAP 627 mm), mountainous beech forests (Romania, Valley of the 
river Râşca - Suceava, MAT 6.8 ◦C, MAP 800 mm), and thermophilous, deciduous forests (Italy, 
Tuscany, MAT 13 ◦C, MAP 850 mm). Among these regions, this work focused on 64 plots 
(30 m × 30 m each, subdivided into nine 10 m × 10 m subplots), and used available data on 
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aboveground diversity and ecosystem functions (https://data.botanik.uni-halle.de/fundiveurope/)
(Figure 3) to correlate them with new data to be generated within SoilForEUROPE. This project 
explored fine roots, enzyme activities, and the abundance and diversity of some key groups of 
soil fauna such as earthworms, spiders or millipedes as well as soil bacterial and fungal 
communities. The data was collected with the aim to enable development of a predictive 
framework to determine how soil biodiversity affects the functioning of forest ecosystems, and 
to test whether an increasing forest tree diversity enhances soil biodiversity and triggers soil 
processes, which in turn lead to enhanced ecosystem functioning and services as well as 
improved resistance and resilience to climate change. Additionally, the results of soil 
biodiversity related to tree species richness were expected to provide an easily applicable 
indicator for soil biodiversity that can be taken into consideration in decision-making processes.  
Figure 3. SoilForEUROPE forest exploratories follow a latitudinal gradient. To the right tree 
species of each region. Source: modified from Baeten et al., 2013. 
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The trait approach and life history strategies 
This thesis follows the general aims of SoilForEUROPE with a special focus on soil bacteria and 
fungi. The relevance of bacteria and fungi for soil functioning is already broadly accepted, since 
these microbial groups are involved in multiple ecosystem functions related to soil formation, litter 
decomposition, nutrient cycling, primary production, and the regulation of greenhouse gas 
emissions (Wagg et al., 2019, Ravi et al., 2019, Glassman et al., 2018). Previous obstacles to 
study diversity, functioning and interactions of bacterial and fungal communities using culture-
base approaches were basically outcompeted by new technologies that accelerated ecological 
and environmental research (Shokralla et al., 2012, Vacher et al., 2016). The use of these new 
technologies, i.e. next‐generation sequencing in highly diverse environments like forest soils 
has already produced great amounts of information, hence, the new challenges are how to 
organize, filter, analyze and synthetize the resulting huge datasets (Uroz et al., 2016, Baldrian, 
2016, Creer et al., 2016).  
Understanding these big datasets is a key element of modern ecology, whereby a transition from 
traditionally taxonomic-based to trait-based approaches is currently ongoing (Zakharova et al., 
2019 552). A “trait” refers to any morphological, physiological, phenological or behavioral 
characteristic measurable at an individual level (Grime, 1977, Violle et al., 2007). Environmental 
factors filter species as a function of their trait values (called "response traits"), resulting in a 
microbial community functional structure defined on the basis of trait value distribution within this 
community. In turn, this functional structure impacts ecosystem properties and services through 
"effect traits", impacting also humans (Violle et al., 2007, Brousseau et al., 2018, Garnier & 
Navas, 2012, Garnier et al., 2015). The response trait approach is based on the hypothesis that 
the environment (landscape, abiotic conditions and biotic interactions) acts as a filter, selecting 
individuals based on their traits (Garnier & Navas, 2012, Brousseau et al., 2018, Keddy, 1992). 
As such, response traits represent an indirect link between the environmental filters 
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(e.g. humidity level, available resources) and the performance (growth, survival, fecundity) of an 
organism (Garnier & Navas, 2012, Brousseau et al., 2018, McGill et al., 2006). Thus, species 
with the right traits in a given situation will be more likely to increase their population size 
through higher performance (McGill et al., 2006), Figure 4. Therefore, the trait-based ecology 
focuses on the functional characteristics of organisms rather than their taxonomic identity, 
which is a meaningful way to summarize and mechanistically understand compositional and 
functional shifts in ecological communities as well as their dependency on response and effect 
traits concerning global change (Garnier & Navas, 2012, McGill et al., 2006). The concept 
transcends the notion of species, making trait‐based studies more generalizable than 
taxonomic studies by providing a common currency to compare similar communities from 
different regions or environments with only few species in common (McGill et al., 2006). 
Primarily, these approaches were used to explain, how plant communities and ecosystem 
functions respond to environmental changes. But given the intimate linkages between above- 
and belowground compartments as well as the significance of plants as integrating organisms 
across those compartments, the role of plant traits affecting soils communities has been 
proposed as an appropriate tool to understand plant-microbial interactions (Eisenhauer & 
Powell, 2017, Bardgett, 2017). 
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Figure 4. Hypothesized processes leading to a local species and trait assemblage from a regional 
pool. The regional species pool is first determined by evolution, biogeography and 
immigration/emigration from other regions. Global drivers, such as climate, land use type or land 
use intensity can impact the regional species pool as well. After overcoming all these filters 
through their specific “response traits”, a local community is assembled based on its suitable 
performance. In turn, the ecological process arise from "effect traits" of the local community. 
These ecological processes act as feedback, whereby global feedback includes changes in soil 
CO2 flux or nitrogen cycling. Feedback on plant community and soil fauna, and abiotic compounds 
comprise shifts in nutrients, soil structure and water availability in soil (Source: modified from 
Brousseau et al., 2018 by following the ideas of Bardgett, 2017).  
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Early studies on traits were limited to qualitative assessments of community structure, but current 
interpretation frameworks offer a wide range of quantitative indices, for example ‘community-
weighted mean trait values’ (CWMs), summarizing the range and distribution of values within 
single traits to analyze the relationships between community structure and ecosystem functioning 
(Garnier et al., 2004, Ricotta & Moretti, 2011). Functional diversity studies using traits already 
extended this approach by considering multidimensional functional diversity indices, e.g. 
functional richness, functional evenness, functional divergence and the functional dispersion 
(FDis) used in this work, and that represents a measure of functional similarity amongst the 
dominant community members (Mouillot et al., 2013, Laliberté & Legendre, 2010). These 
functional diversity indices provide a rather predictive analysis and allow greater emphasis on 
functions within ecosystems to reveal putative relationships amongst organisms (Laliberté & 
Legendre, 2010, Laliberté et al., 2014, Mouillot et al., 2013). Like a way to examine multiple traits 
from plant compartments concepts like “plant economics spectrum” were introduced (Wright et 
al., 2004, Cornwell et al., 2007, Santiago, 2007, McCormack et al., 2012). The “plant economics 
spectrum” identifies plant life strategies that explain ‘how a species sustains a population 
operating in the presence of competing species, in varying landscapes and under diverse regimes 
of disturbance’ (Reich, 2014) . 
Although the first focus of trait-based approaches was on plants, there is now increasing 
recognition that considering traits might be useful to address questions relative to other organisms 
including microorganisms (Zakharova et al., 2019, Madin et al., 2020). Life history strategies 
represent sets of traits that tend to correlate due to physiological or evolutionary trade-offs, 
favoring different strategies under different environmental conditions (Malik et al., 2020) . The 
classic strategist view was associated to r‐selected versus k‐selected strategy analogous to the 
copiotroph-oligotroph continuum related to resource availability from rich to poor nutrient 
environments, from simple to complex substrates and growing rates from fast to slow, respectively 
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(Fierer et al., 2007, Koch, 2001, Coleman et al., 1983). Nowadays, the use of omics and 
physiological techniques to quantify several microbial traits allows to revisit life history strategies, 
and recently Malik et al. (2020) suggested a new framework for microorganism, similar to the 
Grime’s competitor-stress tolerator-ruderal (C-S-R) framework for plants (Grime, 1977) . This 
study defines the Y-A-S framework considering microbial Yield, resource Acquisition, and Stress 
toleration strategies based on key traits linked to individual fitness. The use of these strategies 
has been applied between and within broad microbial kingdoms (i.e. fungi versus bacteria) or 
functional groups (e.g. ectomycorrizal versus arbuscular mycorrhizal fungi) across soils, to reveal 
valuable mechanistic insights on the functioning of entire ecosystems (Crowther et al., 2019).  
A contribution to understand the “web of life” 
In the frame of the SoilForEUROPE project and by using a) a trait-based and b) ecological 
strategies view, this thesis aims to elucidate the response of soil bacteria and fungi to increasing 
forest tree diversity and tree identity to stablish improvements of soil biodiversity and soil 
processes. In this thesis, Illumina amplicon sequencing was used to examine the soil microbial 
diversity and compositions. Moreover, microbial functioning was estimated by applying in silico 
methods and evaluation of enzyme activities. All this was associated to location, soil parameters 
and tree trait characters. This thesis comprises additional four chapters, of which three (Chapters 
2-4) are prepared as research manuscripts for international ISI-listed science journals and 
targeting punctual hypotheses (table 1).  
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Table 1. Hypotheses and manuscripts associates to the Chapters in this thesis. Chapters 2 and 
3, highlighted in bold font are research manuscripts that were accepted in “Molecular Ecology” 
and “Environmental Microbiology” journals, respectively. 
Chapter Hypotheses Document 
2 Soil fungal diversity relates to tree trait 
diversity while enzyme activities are more 
strongly linked to root traits than to leaf or 
litter traits. 
Fungal guilds and soil functionality 
respond to tree community traits rather 
than to tree diversity in European forests 
3 The functional dispersion of root traits 
affects structure and functionality soil 
bacterial communities. 
Low root functional dispersion enhances 
functionality of plant growth by 
influencing bacterial activities in 
European forest soils 
4 Bacterial and fungal assemblies are impacted 
by forest composition and also differ with the 
soil depths gradient. 
Random forest predicts important microbial 
communities and functionality associated to 
composition and soil depth in temperate 
European forests 
5 Tree identity drives microbial communities 
and thereby a particular microbial traits and 
life-history strategies might be favored under 
a particular forest soil composition. 
Synopsis 
To this end, Chapter 2 focuses on fungal guilds and enzymatic activities to explore their 
associations along a continuum of tree traits in major European forests from boreal to 
Mediterranean sites. Chapter 3 evaluates mechanistically relationships between bacterial 
communities and their associate plant growth‐promoting activities with trees through a root trait 
dispersion index in these four major European forest types. Chapter 4 uses both, bacterial and 
fungi communities from temperate forests to identify their diversity and functioning across different 
forest compositions and soil depths, in order to compare microbial strategies and resource 
preferences. Finally, Chapter 5 compiles and concludes the results, presents an ecological 




Figure 5. Schematic overview of the chapters presented in this thesis. Chapter 1 introduces the 
thesis. Chapter 2 focuses on fungi and enzymes related with tree trait community-weighted means 
(CWM) under a “plant economic spectrum” framework. Chapter 3 evaluates the mechanistic 
relationships between bacterial communities and their tree growth genes with the low root 
functional dispersion (root-FDis). Chapter 4 identifies important microbial taxa, bacterial pathways 
and fungal guilds associate to soil depth and the forest composition. Chapter 5 eventually 
concludes and synthesizes the results presented in Chapters 2-4. 
In Chapter 2, we described the project design, sampling, molecular and enzymatic evaluation. 
We evaluated the influence of tree species composition and tree species diversity on fungal 
diversity and fungal community composition. Furthermore, with a primary focus on tree traits, we 
described the relationships of fungal guilds with tree traits in detail, while also taking 
environmental variables into account. We demonstrated, how guilds like fungal saprotrophs mirror 
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the litter quality, while tree root traits are often linked to an increasing number fungal 
symbiotrophs. This information was complemented at the functional level by identifying novel 
correlations of root traits and soil enzymes. The final section links those enzymes to forest type 
and forest diversity, revealing soil microbial dynamics at a continental scale in the ecological 
frame of the “plant economic spectrum”. The results reflect a trade-off between C and N/P that 
depend on “fast” or “slow” tree communities, leading to different dominant fungal guilds and their 
influence on biogeochemical cycles.  
Chapter 3 aimed to test the mechanistic relationships between bacteria and trees, by using a 
broad latitudinal tree diversity gradient comprising mono- and multispecies forest sites. We 
showed an increasing bacterial functionality from monospecific to multispecies forests. Likewise, 
we exposed that in multispecies forest, the bacterial functionality declines with the increasing 
functional dispersion of the roots. We further revealed important effects of the tree species identity 
on bacterial community composition, but we did not find significant relationships with root 
functional dispersion. However, bacterial network analyses indicated that multispecies forest have 
a higher complexity in their bacterial communities, which points towards more stable forest 
systems with greater functionality. We proposed that root trait dispersion acts as a secondary 
condition to promote bacterial interactions and functionality. 
Chapter 4, using the bacterial and fungal sequences from temperate forests, aimed to identify 
indicator microbial taxa associate to soil depth, and forest stands dominated by different forest 
compositions, i.e. deciduous, evergreen or their mixtures. We evaluated taxonomical niche 
preferences, bacterial metabolic pathways and fungal guilds using a machine learning approach. 
Results showed higher accuracy by using taxonomy than pathways or guilds. Microbial 
abundances and diversity were specially affected by soil depth and by the presence of evergreen 
trees. We found that the bacterial community was primarily shaped by soil depth, in contrast to 
fungal communities which were mostly influenced by forest composition. Results also supported 
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a potential great importance of mixed forest to maintain nutrient cycling and a broad diversity of 
metabolites compared to deciduous and evergreen forests. These differences were easily 
perceived in the investigated topsoil, i.e. 0-10 cm. 
Chapter 5, is a synopsis chapter, the approaches used in these thesis are discuss and the results 
of each chapter are bringing together with an ecological overview, moreover conclusions of 
microbial communities of the exploratory forest from the SFE project are summarized. 
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1  | INTRODUC TION
Forests are highly diverse terrestrial ecosystems, offering many 
ecosystem services (ES; Maes et al., 2015). Besides the frequently 
mentioned supply of timber, energy, food and recreation (Miura 
et al., 2015), soil-related ES such as carbon sequestration, balancing 
gas emissions and maintaining biogeochemical cycles are often un-
derestimated or even ignored (Miura et al., 2015).
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Abstract
At the global scale, most forest research on biodiversity focuses on aboveground or-
ganisms. However, understanding the structural associations between aboveground 
and belowground communities provides relevant information about important func-
tions linked to biogeochemical cycles. Microorganisms such as soil fungi are known 
to be closely coupled to the dominant tree vegetation, and we hypothesize that tree 
traits affect fungal guilds and soil functionality in multiple ways. By analysing fungal 
diversity of 64 plots from four European forest types using Illumina DNA sequenc-
ing, we show that soil fungal communities respond to tree community traits rather 
than to tree species diversity. To explain changes in fungal community structure and 
measured soil enzymatic activities, we used a trait-based ecological approach and 
community-weighted means of tree traits to define ‘fast’ (acquisitive) versus ‘slow’ 
(conservative) tree communities. We found specific tree trait effects on different 
soil fungal guilds and soil enzymatic activities: tree traits associated with litter and 
absorptive roots correlated with fungal, especially pathogen diversity, and influenced 
community composition of soil fungi. Relative abundance of the symbiotrophic and 
saprotrophic guilds mirrored the litter quality, while the root traits of fast tree com-
munities enhanced symbiotrophic abundance. We found that forest types of higher 
latitudes, which are dominated by fast tree communities, correlated with high car-
bon-cycling enzymatic activities. In contrast, Mediterranean forests with slow tree 
communities showed high enzymatic activities related to nitrogen and phosphorous. 
Our findings highlight that tree trait effects of either ‘fast’ or ‘slow’ tree communities 
drive different fungal guilds and influence biogeochemical cycles.
K E Y W O R D S
enzyme activity, fungal diversity, fungal guilds, soil, tree traits, tree–fungi interactions
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Tree species diversity loss is paralleled by a reduction in 
overall diversity and ES of forests (Ampoorter et al., 2020; van 
der Plas et al., 2016), including a decrease in microbial diversity 
and the turnover of soil biochemical cycles (Delgado-Baquerizo 
et al., 2016; Penone et al., 2019). As many ES delivered by for-
ests depend on soil-inhabiting organisms (Delgado-Baquerizo 
et al., 2016), deciphering the interplay between aboveground tree 
diversity and belowground communities and their functional role 
is of paramount importance (Akira et al., 2016; Guerra et al., 2020; 
Miura et al., 2015).
Previously, it has been shown that forests with different levels 
of tree species richness such as monospecific versus multispecies 
stands exhibit differences in soil microbial communities, and this is 
commonly attributed to tree species composition and identity rather 
than tree diversity per se (Goldmann et al., 2015; Lejon et al., 2005; 
Perez-Izquierdo et al., 2017; Sun et al., 2016). The relevance of tree 
species composition and identity on soil microbial communities is 
coupled to tree traits, which are defined as morpho–physio–pheno-
logical characters that reflect growth, reproduction and survival of 
trees (Violle et al., 2007) and also, indirectly, forest soil characteris-
tics (Bardgett et al., 2014). Thereby, multispecies forest systems are 
potentially superior to monospecific systems because they provide 
a higher number of ecological niches, which can further increase the 
number of associated soil microbial species with complementary 
traits, thus maximizing positive effects (Liu et al., 2018). As an ex-
ample, distinct tree species influence soil biota differently due to 
the specific characteristics of their root exudates and quality of their 
root and leaf litter (Kardol & De Long, 2018). Therefore, considering 
tree traits helps to predict how tree composition influences soil biota 
and related processes, such as carbon, nitrogen and phosphorous 
cycles (Bardgett, 2017; Eisenhauer & Powell, 2017). However, the 
effects of tree traits on microbial communities and biogeochemical 
cycles are poorly understood, although such knowledge is a key to 
properly predict ecosystem effects of future climate change scenar-
ios (Bardgett, 2017; Felipe-Lucia et al., 2018).
The main tree life strategies relate to the balance between ac-
tive growth and maintaining survival under different environmental 
conditions (Grime, 1977; Reich, 2014; Wardle et al., 2004; Wright 
et al., 2004), and they are often paralleled by trait changes. Chen 
et al. (2016) described that tree species with thicker roots respond 
weakly or not at all to nutrient heterogeneity, whereby trees with 
thinner roots can selectively adjust root growth according to nu-
trient availability. Analogous to these findings, two potential path-
ways in nutrient-rich spaces are possible: trees forming arbuscular 
mycorrhiza vary in root proliferation, whereas the ectomycorrhizal 
trees adapt mycorrhizal hyphal proliferation searching for nutrient 
patches. Thereby, these variations were comprehended as a function 
of root diameter traits (Chen et al., 2016). The community-weighted 
mean (CWM) is a metric that summarizes the expression of a single 
trait within a given species assemblage (Garnier et al., 2004; Ricotta 
& Moretti, 2011). This metric is based on the ‘biomass ratio hypoth-
esis’, postulating that traits of the most abundant species largely de-
termine ecosystem processes (Grime, 1977). Thus, analyses of tree 
traits help to assess the relationships between tree performance, 
soil nutrient concentrations, litter decomposition rates and micro-
bial communities (Fortunel et al., 2009; Garnier et al., 2004; de Vries 
et al., 2012).
Multiple traits can be integrated into a ‘plant economics spec-
trum’ (Wright et al., 2004). The ‘plant economics spectrum’ identifies 
plant life strategies that explain ‘how a species sustains a popula-
tion operating in the presence of competing species, in varying 
landscapes and under diverse regimes of disturbance’ (Reich, 2014). 
Originally, this perspective of plant ecology and evolution was de-
veloped for leaf traits (Reich, 2014; Wright et al., 2004); however, 
plant economics spectra also exist for stems, roots and even de-
composition processes (Cornwell et al., 2007; Freschet et al., 2012; 
Kong et al., 2015; McCormack et al., 2012; Osnas et al., 2013; 
Santiago, 2007). Plant traits influence soil microbial communities in 
line with the ‘plant economics spectrum’. Particular soil communities 
are linked to ‘fast’ tree traits that include processes related to the ac-
quisitive strategy of plants, such as fast biochemical cycling and high 
nutrient availability (Bardgett, 2017; Wardle et al., 2004; Figure 1). 
The corresponding plant-trait pool is commonly associated with nu-
trient-rich soils and includes fast-growing plant species with inex-
pensive tissue investment, fast turnover, high photosynthetic rates 
and fast foraging roots with a short lifespan (Wright et al., 2004). 
The other end of the ‘plant economics spectrum’ is characterized by 
plants that exhibit a conservative life strategy. These plants are char-
acterized by slow-growing species with high tissue investment, slow 
turnover rates, low photosynthetic rates and slow foraging roots 
with a long lifespan (Reich, 2014; Wright et al., 2004). This strategy 
is usually associated with nutrient-poor soils and slow biochemical 
cycling (Figure 1).
Plants adapted to fertile soils differ markedly in their ecophys-
iological traits from those adapted to infertile soils, which is fur-
ther reflected in differences in their associated soil biota (Wardle 
et al., 2004). For instance, fertile soils promote bacteria-driven 
food webs, whereas food webs in infertile soils, such as those 
found in many forests, are fungus-dominated (Richard, 2017; 
Wardle et al., 2004). In forest soils, fungi represent a key compo-
nent in terms of species richness and functionality (Blackwell, 2011; 
Hawksworth, 2001). Though there are many fungal lifestyles and 
interkingdom interactions, the commonly distinguished guilds en-
compass pathotrophs, saprotrophs, symbiotrophs, taxa capable 
of different lifestyles and a majority with yet unknown functional 
classification (Nguyen et al., 2016; Rai & Agarkar, 2016; Zellinger 
et al., 2016). Each of these guilds reacts differently to biotic and 
abiotic stimuli due to distinct nutrient acquisition strategies and 
can therefore be expected to also be affected by varying ecological 
factors (Schappe et al., 2020). Since trees are foundation species in 
forest ecosystems, their main traits directly affect symbiotrophic 
and pathotrophic fungal communities, and indirectly also sap-
rotrophs through their dead organic matter input that regulates 
quantity and quality of substrates used by this functional group 
(Alberti et al., 2017; Purahong et al., 2017; Roy-Bolduc et al., 2016; 
Urbanová et al., 2015). Interactions amongst different fungal guilds 
Chapter 2 
574  | PRADA-SALCEDO Et AL.
modify soil carbon dynamics and nutrient availability through (a) 
priming effects, i.e. increasing decomposition rates, often linked to 
intensive carbon inputs (Yin et al., 2014), or (b) the Gadgil effect, i.e. 
the competition of saprotrophic and mycorrhizal fungi for limited 
organic resources (Fernandez & Kennedy, 2016).
Soil enzymes are mainly produced by microorganisms (Kuşcu & 
Ömer Karaöz, 2016). Thus, enzymatic activity is a good proxy for 
soil functionality, since it indicates the rate of important microor-
ganism-mediated processes in soil such as soil C, N, P and S cycles 
(Adetunji et al., 2017; Baldrian, 2009). Enzymes can help to char-
acterize the soil metabolic potential, soil fertility and soil quality in 
different ecosystems (Baldrian, 2009). This is especially useful in 
forest soils where the enzymatic activity is more stable compared 
with agriculture soils or grasslands (Błońska et al., 2017). This stabil-
ity is mainly related to a higher accumulation of soil organic matter 
in forest soils (Adetunji et al., 2017; Błońska et al., 2017). Although 
many soil organisms are involved in decomposition and nutrient 
cycling processes, fungi are the most important decomposers in 
terrestrial ecosystems (Hättenschwiler et al., 2005; Paul, 2016; 
Zhou et al., 2007). This is related to the ability of fungi to decom-
pose recalcitrant polymers. Cellulose decomposition for instance is 
ten times faster in the fungi-dominated litter of a Picea abies forest 
than in bacteria-dominated soils (Štursová et al., 2012; Žifčáková 
et al., 2016). Accordingly, it is essential to address the influence of 
tree diversity on fungal communities and their enzymatic activi-
ties in soils to generally understand microbial processes in forest 
ecosystems.
This study aimed to assess the influence of CWM traits of leaves, 
litter and roots in tree communities on soil fungal communities using 
the framework of the ‘plant economics spectra’. Accordingly, we char-
acterized the soil forest functionality by measuring enzyme activities 
and included them in our CWM trait analyses. We investigated 64 plots 
across four broad European forest types, comprising 13 main tree spe-
cies across 33 different tree species assemblages, ranging from mono-
specific to multispecies forests. Through taxonomic profiling of fungal 
communities by Illumina amplicon sequencing and determination of 
F I G U R E  1   Fast and slow tree communities and their associated traits with respect to leaves, litter, roots, microorganisms, and soil 
processes. Major drivers of plants, microbial communities, and soil functionality are indicated by the black arrow at the top. The figure 
represents some of the general phenomena in the spectra, that is several broadleaf trees are fast trees with acquisitive traits, such as 
thin and fast foraging roots commonly associated with nutrient-rich soils (left side in the figure). In contrast, the slow conifers with more 
conservative trait expressions show thick roots in nutrient-poor soils and are highly associated with fungi (right side in the figure). For 
further references, see 1, Grime (1977); 2, Wardle et al. (2004); 3, Wright et al. (2004); 4, Cornwell et al. (2007); 5, Santiago (2007); 6, 
McCormack et al. (2012); 7, Freschet et al. (2012); 8, Reich (2014); 9, Kong et al. (2015); 10, Weemstra et al. (2016); 11, Bardgett (2017); 12, 
Bergmann et al. (2020). [Correction added on 11 March 2021, after first online publication: Figure 1 has been updated in this version.]
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soil enzymatic activities, we aimed to establish links between fungal 
communities, their potential metabolic activities and the CWM of leaf, 
litter and root traits. This enabled us to test the following hypotheses: 
since tree composition is more important for fungal diversity than tree 
diversity, we hypothesized that (1) soil fungal diversity relates to tree 
trait diversity. Moreover, recognizing the relevance of the plant eco-
nomics spectrum to understand plant species strategies, we expected 
that (2) tree species with fast-acquisitive strategies enhance fungal di-
versity. We estimated that (3) fungal community composition of sap-
rotrophs responds positively to high-quality litter and that (4) fast root 
traits favour symbiotrophic communities. Due to interactions between 
tree roots and soil fungi, we expected further that (5) the enzyme ac-
tivities are more strongly linked to root traits than to leaf or litter traits, 
and that (6) higher enzymatic activities are associated with fast tree 
communities.
2  | MATERIAL S AND METHODS
2.1 | Site description and sampling design
The project SoilForEUROPE (https://websie.cefe.cnrs.fr/soilf oreur 
ope/) includes four study regions that are part of the compara-
tive research platform FunDivEUROPE in European forests (Baeten 
et al., 2013). The regions follow a latitudinal gradient across different 
uneven-aged, mature European forest types: boreal forests (Finland, 
North Karelia, area 150 km × 150 km), hemiboreal, nemoral coniferous, 
mixed broadleaved–coniferous forests (Poland, Białowieża Primeval 
Forest, area 30 km × 40 km), mountainous beech forests (Romania, 
Valley of the river Râşca, Suceava, area 5 km × 5 km) and thermophil-
ous, deciduous forests (Italy, Tuscany, area 50 km × 50 km). Among 
these regions, we focused on 64 plots (30 m × 30 m each, subdivided 
into nine 10 m × 10 m subplots; Figure S1), selected by stand evenness, 
tree age, tree density, tree species composition and soil type. These 
plots include tree monospecific and multispecies forests with three 
dominant trees species (Table S1). Between April and July 2017, we 
collected soil from the central subplot (subplot 1, Figure S1) and the 
four subplots in each plot corner (subplots 2–5, Figure S1). We adopted 
the tree-triangle approach by Vivanco and Austin (2008) to locate sam-
pling spots within each subplot, which represent the influence of sur-
rounding trees on a patch of soil. These spots were determined based 
on the dimensions of tree individuals, which we visually estimated 
based on diameter at breast height and crown area. These triangles 
consisted either of trees of the same species or of three different spe-
cies. Samples were taken to cover the influence of roots from the three 
tree individuals and characteristics such as tree age, size and fitness. 
Soil cores of 5.3 cm diameter were taken from the topsoil (0–10 cm) 
in the centre of three trees after removing the understory plants and 
litter layer. As a primary study on general soil fungi, we considered bulk 
soil, which was influenced by the tree roots and contained also rhizo-
sphere soil, which was manually shaken off the root's surface. The soil 
was homogenized and sieved to 2 mm. Samples were transported on 
dry ice and stored at -20°C.
2.2 | Soil, environment and trait data
The FunDivEUROPE (https://data.botan ik.uni-halle.de/fundi veuro 
pe/datasets) database holds several data sets related to the 64 plots 
of SoilForEUROPE (Table S1). Here, we used 1) locational variables: 
latitude, longitude, altitude, annual mean temperature and annual 
mean precipitation (Baeten et al., 2013); 2) edaphic variables: soil 
type, C stock, N stock, C/N ratio, bulk density, texture (% sand, % clay) 
and pH (summarized in Table S1) (Dawud et al., 2016; De Wandeler 
Hans, 2012); and 3) tree basal area and other tree variables (Table S2) 
were used in the package ‘FD’ (Laliberté & Legendre, 2010; Laliberté 
et al., 2014) for R (R Development Core Team, 2019) to generate 
CMWs for traits of leaves (dry matter content, nitrogen content and 
surface area), litter (cellulose content, lignin content, calcium content, 
nitrogen content, total polyphenol content and litter decomposition) 
(Baeten et al., 2013; De Wandeler et al., 2016; Garnier et al., 2004; 
Jucker & Bouriaud, 2014; Kattge et al., 2020; Ratcliffe et al., 2013).
We included only traits of absorptive roots, because they rep-
resent the absorptive portion of the fine roots according to the 
functional classification of McCormack et al. (2015). We determined 
ectomycorrhizal colonization (Figure S2) by counting the root tips 
colonized by ectomycorrhizal fungi per cm2 under the stereomicro-
scope. Absorptive roots were scanned with a flat-bed scanner (at 
800 dpi). The software WinRHIZO (Regent Instruments, 2009) was 
used to analyse root length, root surface area, volume and diame-
ter for each sample. Oven-dried samples (40°C, at least 72 h) were 
weighted with a precision scale to quantify specific root length (SRL) 
and root tissue density (RTD). Root length density was calculated 
as root length per fine-earth volume. Finally, total organic nitrogen 
concentration was determined by dry combustion (Elementar Vario 
El Cube; Elementar Analysensysteme GmbH).
CWMs were evaluated at the plot level by weighing the influ-
ence of individual species with their relative basal area (at 1.3 m stem 
height) of the target trees. Principal component analyses (PCA) were 
then performed separately for leaf, litter and root traits as well as 
for edaphic and locational variables (Figure S3). From each of the 
PCA computations, the first axis scores were used in all subsequent 
analyses.
2.3 | DNA extraction, amplification of ITS genes and 
Illumina sequencing
Total genomic DNA was extracted from 0.5 g of each subplot sam-
ple using a Power Soil™ DNA Isolation Kit (Qiagen Laboratories Inc.) 
following the manufacturer's instructions. After pooling DNA at the 
plot level, the internal transcribed spacer (ITS) region 2, a widely used 
fungal marker (Nilsson et al., 2019; Schoch et al., 2012), was targeted 
for DNA amplification. For the PCR, we used a primer mix contain-
ing P5-5 N-ITS4 and P5-6 N-ITS4 together with P7-3 N-fITS7 and 
P7-4 N-fITS7 (Gardes & Bruns, 1993; Ihrmark et al., 2012; Leonhardt 
et al., 2019). Amplification of each sample was performed in trip-
licate using 7.50 μl of HiFi HotStart ReadyMix DNA Polymerase 
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2× (Kapa Biosystems) and 0.30 μl (10 μM) of each primer with 2 μl 
of template (10 ng/µl concentration to amplified) with a final vol-
ume of 15 μl. PCR conditions were as follows: 3 min at 95°C, fol-
lowed by 30 cycles of 95°C for 50 s, 55°C for 50 s and 72°C for 
60 s, with a final extension of 72°C for 7 min. Success of amplifica-
tion of each reaction was verified by electrophoresis with ethidium 
bromide staining in a 1.5% agarose gel. Triplicate PCR products 
were pooled, and 25 μl amplicons were purified with AMPure XP 
beads (Beckman Coulter). Subsequently, the Illumina index and se-
quencing adapters were added by PCR using a Nextera XT Illumina 
Index Kit (Illumina), according to the manufacturer's instructions. 
Library quantification was conducted with the Quant-iT PicoGreen 
dsDNA assay. Afterwards, samples were pooled to equal molarity. 
Fragment sizes and quality of pooled samples were evaluated using 
an Agilent High Sensitivity DNA assay measured with an Agilent 
2100 Expert (Agilent Technologies), following the Illumina recom-
mendations. Paired-end sequencing of 2 × 300 bp was performed 
with a MiSeq Reagent Kit v3 on an Illumina MiSeq System (Illumina 
Inc.) at the Department of Soil Ecology, UFZ—Helmholtz Centre for 
Environmental Research in Halle (Saale), Germany.
2.4 | Bioinformatics
Raw fungal sequences were extracted based on their unique bar-
codes. The bioinformatic workflow was mainly based on MOTHUR 
(Schloss et al., 2009; Schöps et al., 2018) (Figure S4 for rarefaction 
curves) and OBITools (Boyer et al., 2016) implemented in the pipeline 
DeltaMP (https://github.com/lente ndu/Delta MP/). Briefly, primers 
were detected allowing only five mismatches and cut-off, and se-
quences with at least 50 nt length were quality-filtered and trimmed 
to reach an average quality Phred score of 20. The paired-end reads 
were merged employing PandaSeq algorithm with a threshold of 
0.6 and a minimum overlap of 20 nucleotides. The sequences were 
clustered into operational taxonomic units (OTUs) by 97% sequence 
identity using cd-hit-est (Fu et al., 2012). The taxonomy of the most 
abundant read per OTU was assigned according to the UNITE v7 ref-
erence database using the Bayesian classifier (Nilsson et al., 2018). 
FUNGuild V1.0 tool was used to parse fungal taxonomy and establish 
ecological guilds (Nguyen et al., 2016). Using the information from 
FUNGuild, the ‘overall’ fungal communities were grouped into three 
main functional guilds—‘pathotroph’, ‘saprotroph’, ‘symbiotroph’ and 
‘multiple trophic modes’, i.e. all OTUs that potentially switch between 
trophic modes during their life cycles, and ‘unassigned’, i.e. OTUs 
without sufficient taxonomic classification for functional description.
2.5 | Potential enzyme activity
Functionality in all soil samples was evaluated by measuring the 
enzymatic activity potentials of acid phosphatase (EC 3.1.3.2), 
N-acetylglucosaminidase (EC 3.2.1.50), xylosidase (EC 3.2.1.37), 
cellobiohydrolase (EC 3.2.1.91) and β-glucosidase (EC 3.2.1.21). The 
determination of the five hydrolytic enzyme activities was based 
on 4-methylumbelliferone (MUB)-coupled substrates (German 
et al., 2011; Sinsabaugh et al., 2003). We chose hydrolytic enzymes 
because they represent the main biogeochemical cycles and are a 
good proxy for microbial decomposition processes and nutrient 
availability for substrates such as cellulose, hemicellulose, chitin and 
phosphate (Allison et al., 2011; Baldrian, 2009). Approximately 0.3 g 
of fresh soil was dispersed into 50 ml of 50 mM Na acetate buffer 
(pH 5) through sonication for 5 min. The soil suspensions were added 
to the respective MUB-coupled substrates in a microtiter plate with 
eight technical replicates and incubated for 1 h at 25 ± 1°C in the 
dark. Shortly before measurement, NaOH was added to all wells to 
enhance fluorescence of MUB, which was excited at 360 nm and 
measured at 465 nm using a Tecan Infinite® F200 PRO plate reader 
(TECAN). Fluorescence values in the assay and control wells were 
corrected with autofluorescence values of the soil suspension and 
buffer, respectively. MUB standards (1.25 and 2.5 μM) dissolved 
in buffer and soil suspensions were used to calculate emission and 
quench coefficients. Enzyme activities (nmol × h−1 × gdry soil−1) were 
calculated according to German et al. (2011) and corrected for soil 
water content, which was determined with a Mettler Toledo HB43-S 
Halogen Moisture Analyzer (Mettler Toledo GmbH).
2.6 | Statistical analyses
Statistical analyses were performed using R software (R-v3.6.1, R 
Development Core Team, 2019 R-v3.6.1) and the packages phyloseq 
(v1.30.0) (McMurdie & Holms, 2013) and vegan (v2.5.6) (Oksanen 
et al., 2017). Initially, our data was normalized by rarefying to the 
lowest number of sequences among the samples, in our case 32,466 
reads per sample. We retained OTUs with at least two reads in more 
than 10% of the samples.
To determine the tree species richness effects on fungal di-
versity, we calculated the Shannon index (Shannon, 1948). To test 
whether fungal diversity was impacted by the forest diversity level 
(monospecific or multispecies) or forest type, we performed analysis 
of variance (ANOVA) after testing for normal distribution with the 
Shapiro test and Q–Q plots, followed by Tukey's HSD post hoc test 
(Mendiburu, 2010). To evaluate whether the economics spectra fa-
vour fungal diversity, we used the computed PCAs that summarize 
CWM values of leaf, litter and root traits together with Pearson's 
correlation analysis of the fungal Shannon diversity and the PCA1 
axes from each spectrum of CWM traits. Likewise, linear mixed 
models (LMMs) using forest type as random effect were calculated.
To estimate the importance of forest type, tree community 
composition and tree species diversity effects on fungal commu-
nity composition, we performed analyses of similarities (ANOSIM). 
Hence, we calculated the Bray–Curtis distances of the fungal com-
munity composition and visualized them by using nonmetric multi-
dimensional scaling (NMDS). Moreover, the function ‘capscale’ was 
employed to perform distance-based redundancy analysis (db-RDA), 
using forest type as the main variation factor to diminish regional 
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effects. Variation partitioning was performed on the fungal com-
munity composition data to determine the variation explained by 
locational, edaphic and tree variables, and these were retained or 
removed on the basis of Vif values, using a value of 10 as threshold 
to evaluate collinearity (Hair et al., 1995). In addition, canonical anal-
ysis of principal coordinates (CAP) was used to explore the weight of 
F I G U R E  2   Pearson's correlations between the Shannon diversity of different fungal guilds and the first PCA axes for CWM traits for 
leaves (a, b), litter (c, d) and absorptive roots (e, f); (a), (c) and (e) overall fungal community (blue line); (b), (d) and (f) overall community (blue 
line) and specific fungal guilds. Note the different scaling of the y-axes in the left and right columns of panels. Shaded areas represent the 
95% confidence intervals for each prediction. Arrows below each panel indicate the continuum of the tree community trait composition. 
Leaf and absorptive root traits range from fast to slow tree community traits. Litter traits range from low quality to high quality. Aa—Abies 
alba, Ap—Acer pseudoplatanus, Bp—Betula pendula, Cb—Carpinus betulus, Cs—Castanea sativa, Fs—Fagus sylvatica, Oc—Ostrya carpinifolia, 
Pa—Picea abies, Ps—Pinus sylvestris, Qc—Quercus cerris, Qi—Quercus ilex, Qp—Quercus petraea, Qr—Quercus robur. Details on individual plots 
can be found in Table S1.
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specific variables of the first PCA axes for CWM traits, and edaphic 
and locational variables on the fungal community composition. 
Significant differences in variance were evaluated using permuta-
tional multivariate analysis of variance (PERMANOVA).
To identify differential abundant fungal OTUs and their assigned 
ecological guilds along the spectra, the raw OTU data was used for 
robust differential abundance analyses of fungal communities per-
formed with DESeq2 (v1.26.0) (Love et al., 2014), employing the Wald 
tests and the Benjamini–Hochberg (BH, aka ‘FDR’) adjustment. We 
estimated the main effects on PCA1 values from leaf, litter and ab-
sorptive roots traits as well as from locational and edaphic variables. 
Forest type was used in all models as a fixed factor, since it explained 
a large proportion of variance (i.e.: abundance ~ forest type + PCA1). 
Differences in differentially abundant OTUs among the fungal guilds 
for each tree community trait spectrum were evaluated by Fisher's 
test, using the functions ‘pairwiseNominalIndependence’ and ‘cld-
List’ from the package rcompanion (v2.3.25) (Mangiafico, 2017) with 
a threshold of 0.05.
Finally, at the soil functionality level, to associate enzymes with 
the different spectra and tree community traits, the data from the five 
enzymes were centred around the mean and scaled to the standard 
deviation with the ‘scale’ function. Enzymatic activities were evalu-
ated across leaf, litter and absorptive root spectra by linear correlation 
analyses. We used LMM of the R package glmmTMB (1.0.0) (Brooks 
et al., 2017), to determine the effect of abiotic, biotic factors, fungal 
guild's diversity and their interactions on enzyme activity variability. 
We evaluated the effect of these variables on the first two PCA axes 
for the enzyme activities. Due to the particular positive responses of 
N-acetylglucosaminidase and phosphatase to the spectra, we addition-
ally used these enzymes as response variables for the first PCA axes 
of leaf, litter and root trait spectra, as well as edaphic and locational 
variables using forest type as random factor, to assess the additional 
effects of tree traits to environmental and biotic diversity factors.
3  | RESULTS
3.1 | Relationships between fungal diversity, forest 
diversity and tree trait spectra
To determine the impact of tree species richness on fungal diversity, 
we compared the forest diversity levels among all study regions. We 
observed a higher fungal Shannon diversity in multispecies forests 
than in monospecific stands (anova, F value = 4.34, df = 1, p = 0.041, 
Figure S5 (a)). Moreover, we found a significant impact of forest type 
(anova, F value = 11.89, df = 3, p < 0.001, Figure S5 (b)), with the 
lowest and highest fungal diversity in thermophilous and hemibo-
real forests, respectively, which differ in climatic and edaphic condi-
tions (Table S1). Because our main interest was to unravel tree trait 
effects on fungal diversity, we performed PCA to summarize CWM 
trait values. The PCA showed that leaves and roots exhibiting con-
servative traits were associated with high values of CWM traits on 
the first PCA axis (Figure S3 (a) and (c)). In addition, high-quality litter 
correlated positively with high values of CWM traits on the first PCA 
axis (Figure S3 (b)). With this outcome, we focused on the relationships 
between the fungal Shannon diversity and the first PCA axis for CWM 
traits of leaves, litter and roots (Figure 2, Figure S6 separated by forest 
types). To compare tree traits and environmental factors, we used the 
first PCA axis of edaphic and locational variables to identify environ-
mental effects using the same approach (Table S3. Figure S7 (a) and (b)).
The fungal Shannon diversities were similar for plots with the 
same tree composition (Figure 2 (a), (c) and (e)). While leaf traits 
did not show linear correlations (Figure 2 (a) and (b)), traits of litter 
(Figure 2 (c) and (d)) and roots (Figure 2 (e) and (f)) were correlated 
with the fungal Shannon diversities, though at different strengths 
for the individual fungal guilds. Positive correlations with litter traits 
indicated that the fungal Shannon diversity increased with higher 
litter quality (enriched with polyphenols and nitrogen; Figure 2 (c) 
and (d)). Tree communities with high root N concentrations and 
high specific root length also had higher fungal diversity (compare 
Figure 2 (e), (f) and Figure S3 (c)). Even though fast tree communities 
displayed a higher degree of mycorrhizal colonization (Figure S3), we 
observed no correlation between the Shannon diversity of symbi-
otrophic fungi and root traits (Figure 2 (f)).
3.2 | Relationships between tree community 
traits and fungal community composition and 
fungal guilds
Our study allowed us to explore the impacts of forest type, tree 
community composition and tree species diversity on the fun-
gal community composition. The ANOSIM of fungal community 
F I G U R E  3   Variation partitioning showing the impact of 
locational and edaphic variables and CWMs of tree traits (Table S2) 
on fungal community composition. Locational, edaphic and 
tree variables represented by blue, brown and green colours, 
respectively. Font and figure sizes are scaled according to the 
explained variation (but not scaled for unexplained variation). Note 
that the values of the interactions are given in the areas of overlap. 
Specific variation partitioning by forest type in Table S4.
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composition revealed a dominant influence of forest type (r = 0.85, 
p < 0.001) and also a significant impact of tree community com-
position (r = 0.65, p < 0.001). In contrast, tree species diversity 
(monospecific versus multispecies) did not affect fungal com-
munity composition (r = 0.0076, p = 0.275). Consistently, NMDS 
showed close clustering of fungal communities not only from the 
same forest type, but also from plots with the same tree identity 
within forest types (Figure S8). Likewise, db-RDA revealed that 
forest type and tree species composition explained 34% and 41% 
of the variance in fungal community, respectively. Tree diversity 
levels had no significant influence (< 1%). Variation partition-
ing revealed an explanatory value of the edaphic conditions of 
8.5%, while locational variables explained 4.2%, and tree CWM 
traits, 1.9% of fungal variation in community structure (Figure 3). 
However, importance of those variables differed across the dif-
ferent forest types, that is tree traits explain 6%–16% of variance 
at regional scale, and for Hemiboreal forests, the tree traits were 
even better predictors than soil and location. Conversely, those 
effects were less pronounced in thermophilous deciduous forest 
(Table S4).
We were further interested, which specific variables influence 
the fungal community composition variations most. Therefore, 
we performed a CAP analysis, which included traits of leaves, lit-
ter and roots as well as edaphic and locational variables and ex-
plained 26% of the variance among fungal communities (Figure 4 
(a)). The absorptive root traits showed a stronger correlation with 
fungal community composition than leaf and litter traits. Within the 
set of root parameters, particularly strong correlations with fungal 
community composition were found for parameters linked to root 
quality, that is RTD and nitrogen concentration (Figure 4 (a)). Our 
PERMANOVA showed that root (R2 = 0.37), litter (R2 = 0.22) and
leaf (R2 = 0.19) traits all significantly affected the fungal community
composition (Figure 4 (a)). Leaf surface area was the trait explaining 
most of the variation within fungal communities from the leaf trait 
spectrum, whereas the contents of cellulose and lignin as well as ni-
trogen and calcium contents in litter also explained fungal variations 
(Figure 4 (a)). In addition, we compared the correlation of tree CWM 
traits associated with soil fungi to those exerted by locational and 
edaphic variables using the PCA1 values (Figure 4 (b)), as well as the 
individual variables (Figure S7 (c)) to illustrate that apparently not 
only environmental variables affect fungal communities. In general, 
CWM traits were correlated with locational and edaphic variables. 
Edaphic variables such as pH, carbon/nitrogen ratio and percent-
ages of clay and sand showed a significant correlation with fungal 
community composition (R2 = 0.32; Figure S7 (c)). Likewise, all lo-
cational variables showed a strong impact on fungal communities 
(R2 = 0.36; Figure S7 (c)).
To explore the relationships between tree community traits 
and specific members of the fungal communities in soil, we iden-
tified the fungal OTUs exhibiting differential abundances along the 
leaf, litter and root trait spectra and linked them to their ecological 
guilds (Figure 5). The DESeq2 results showed that, from the total 
F I G U R E  4   Canonical analyses of principal coordinates for fungal communities. Colours indicate the forest types. (a) Arrows represent 
correlative direction and strength of tree CWM traits for leaves, litter and absorptive roots, and (b) the first PCA axes of environmental 
(locational, edaphic) and biological (leaves, litter, roots) factors; leaf LDMC—dry matter content, leaf N—nitrogen content, leaf SLA—
surface leaf area, litter, cellulose—cellulose content, litter lignin—lignin content, litter Ca—calcium content, litter N—nitrogen content, litter 
polyphenols—total polyphenol content, root Diam—diameter, root Myc—mycorrhizal colonization intensity, root N—nitrogen concentration, 
root RLD—length density, root RTD—tissue density, root SRL—specific root length.
Chapter 2 
580  | PRADA-SALCEDO Et AL.
of 8,661 fungal OTUs (Figure 5 (a)), the proportion of all fungal 
OTUs with differential abundances (1072 in total, Table S5) varied 
according to the different tree trait spectra: for the leaf spectrum 
around 2.8%, for the litter spectrum 5.3% and for the absorptive 
roots 4.3% of fungal OTUs, respectively (Figure 5 (b)). Interestingly, 
the symbiotrophic guild showed the largest proportion of differ-
entially abundant OTUs for each of the spectra (Figure 5 (b)). For 
the litter spectrum, a high proportion of symbiotrophic OTUs was 
more abundant under low litter quality conditions, whereas sapro-
troph and unassigned OTUs were often more abundant in plots with 
higher litter quality (Figure 5 (d) and Table S5). Symbiotrophs were 
most responsive to tree root traits, and we observed the greatest 
enrichment of symbiotrophic OTUs in the soil of fast tree commu-
nities (Figure 5 (e)).
3.3 | Relationships between the tree trait 
spectra and soil functionality
To evaluate the dependency of soil functionality on the tree com-
munity traits, soil enzymatic activities were correlated with the first 
PCA axes of leaf, litter and root CWM traits, respectively (Figure 6). 
We observed that xylosidase activity was significantly associated 
with leaf traits (p = 0.019, r = 0.29, R2 = 0.086) and that the activity
was lower in soils with fast tree communities than in those with slow 
tree communities (Figure 6 (c)). The same pattern, even though not 
significant, was observed for N-acetylglucosaminidase and phos-
phatase activities (Figure 6 (a) and (b)). In contrast, the leaf traits 
did not show significant relationships with C-cycling enzymes, cel-
lobiohydrolase and β-glucosidase (Figure 6 (d) and (e)). In case of lit-
ter traits, the xylosidase activity was negatively correlated with the 
PCA1 (p = 0.032, r = −0.26, R2 = 0.072), i.e. plots with tree communi-
ties that show a high litter quality displayed a lower soil enzymatic 
activity (Figure 6 (h)). The other litter traits did not show significant 
linear correlations with the soil enzyme activities. However, the en-
zymes responded differently to the CWMs of absorptive root traits. 
While xylosidase activity was higher in fast tree communities, phos-
phatase, chitinase and β-glucosidase activities were higher in slow 
tree communities (Figure 6 (k–o)).
Finally, our results showed the highest phosphatase and N-
acetylglucosaminidase activities in thermophilous deciduous for-
ests in Italy, the highest β-glucosidase and cellobiohydrolase were 
detected in mountainous beech forests in Romania, and the high-
est xylosidase activity was found in the hemiboreal forest in Poland 
(Figure 7 (a) and (b)). Moreover, the forest diversity did not show an 
effect on enzyme activity (Figure 7 (b)). An even stronger influence 
of forest type resulted in three main groups of enzymatic activity: 
hemiboreal forests contrasting to thermophilous deciduous forests 
F I G U R E  5   Abundances of fungal OTUs and their associated trophic modes. (a) Total OTUs sorted by fungal guilds; (b) total number of 
OTUs and proportion of differentially abundant OTUs by guilds, calculated as a percentage of differentially abundant OTUs of a guild over 
all the OTUs in the guild. Within each spectrum, significant differences between the proportions of differentially abundant OTUs along the 
fungal guilds according to the Fisher test are indicated by different letters. (c–e) Differential abundances (p-adjusted < 0.01) of OTUs are 
coloured according to the fungal guilds along leaf (c), litter (d) and absorptive root spectra (e).
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or mountainous beech forests together with more sparsely plots 
from boreal forest (Figure 7 (b)). Our LMM (Figure 7 (c)) showed a 
high importance of the tree variables, specially litter quality and 
root traits on the first axis shown in Figure 7 (b), which explained 
almost 50% of the enzyme variation. The second axis of this PCA 
explained another 24% of the enzyme activity variation, and the 
F I G U R E  6   Linear correlations of enzymatic activity of phosphatase, N-acetylglucosaminidase, xylosidase, β-glucosidase and 
cellobiohydrolase in relation to the CWM trait spectra of leaves (a–e), litter (f–j) and absorptive roots (k–o). Arrows indicate the continuum of 
the tree community trait composition. Leaf and absorptive root traits range from fast tree trait composition to slow tree trait composition. 
Litter traits range from low quality to high quality. For significant linear correlations, p-values as well as r and R2 values are given in the 
respective panels. Shaded areas represent the 95% confidence intervals for the predictions.
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environmental variables appeared to be of significant importance 
(Figure 7 (c)). Individual fungal guild diversity had no significant im-
pact on the enzymatic activities. However, several interactions of 
tree and environmental variables with fungal diversity were signifi-
cantly influencing enzyme activities (Figure 7 (c)). Complementing 
the soil functionality, our study revealed that litter decomposition 
decreases with decreasing latitudinal gradient from boreal to ther-
mophilous deciduous forests (Figure S9).
4  | DISCUSSION
4.1 | Trait-based approach to understand tree–fungi 
interactions
It was previously shown that CWMs, supported by the ‘biomass ratio 
hypothesis’, facilitate the determination of the dominant tree traits 
shaping fungal communities in forest soils (Grime, 1977; Ricotta & 
F I G U R E  7   Enzymatic activities in relation to forest type, abiotic, biotic factors and fungal guild diversity. (a) Activity of individual 
enzymes across forest types; between the same enzyme, different letters above bars indicate significantly differences according to ANOVA 
(p < 0.05). (b) PCA of enzyme activities in relation with forest type and forest system. (c) Linear mixed models testing the effect of abiotic, 
biotic and fungal guild Shannon diversities on variation of enzyme activity. [Colour figure can be viewed at wileyonlinelibrary.com]
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Moretti, 2011; de Vries et al., 2012). This trait-based approach ap-
peared to be more informative than a simple correlation between tree 
identity or diversity and fungal diversities. Taxonomy-based views 
often have limited power for explaining assembly mechanisms of soil 
microbial communities and plant–soil feedbacks (Bardgett, 2017; 
Wardle et al., 2004). In our study, fungal community composition dif-
fered strongly between forest types and the divergences appeared 
to be rather driven by tree identity than by tree diversity, whereby 
root CWMs traits showed the highest impact on the fungal commu-
nity composition. At the functional level, the enzymes xylosidase, 
phosphatase and N-acetylglucosaminidase were especially affected 
by root CWM traits. The N and P enzymatic activities increase with 
decreasing latitude and rather conservative tree strategies. This 
complements recent works such as Buzzard et al. (2019), Sweeney 
et al. (2020) and Spitzer et al. (2020), who used trait-based ecology 
to explore plant–microbial interactions.
4.2 | Response of fungal guild diversities to tree 
economics spectra
In accordance with our first hypothesis, fungal diversity correlated 
with the tree community traits. Specifically, we found that the overall 
fungal diversity, as well as the diversity of specific fungal guilds, was 
mainly affected by traits of absorptive roots and leaf litter. Overall 
community diversity as well as symbiotroph and pathotroph diversi-
ties increased with high polyphenol and nitrogen contents in litter. 
Polyphenols have been found either to stimulate or to inhibit spore 
germination and hyphal growth (Hättenschwiler & Vitousek, 2000). 
Trees with high concentrations of polyphenols potentially trig-
ger the diversity of pathotrophic and symbiotrophic fungi (Simon 
et al., 2018). In addition, higher diversity may be promoted by these 
tree species because of the low concentration of lignin in their litter, 
which facilitates nutrient release and allows growth of less-special-
ized soil fungi (Cotrufo et al., 2015; Paul, 2016). Previous studies in-
dicated that niche partitioning through specialized resource use may 
be an important mechanism by which soil microbial diversity is main-
tained (Hanson et al., 2008; Vivelo & Bhatnagar, 2019). Moreover, 
lignin content significantly affects the overall biomass, fungal com-
munity structure and diversity, suggesting that high lignin content 
niches select for specific fungal taxa (Osono et al., 2003; Pioli 
et al., 2018; Talbot & Treseder, 2012). For example, just a few spe-
cies of white-rot, brown-rot and soft-rot fungi dominate lignolytic 
structures compared with the high number of fungal species using 
more simple substrates in less lignolytic environments (Krishna & 
Mohan, 2017; Naranjo-Ortiz & Gabaldón, 2019).
With respect to the root trait spectrum, high specific fine-root 
length and high root nitrogen concentrations, as found for exam-
ple in monocultures ofCarpinus betulus andQuercus robur, were as-
sociated with increased overall fungal diversity. Conversely, fungal 
diversity was lower in soils associated with trees that invest more 
resources in traits such as RTD, which increases the tree's lifespan, 
for example Quercus cerris and Quercus ilex. This finding supports 
our second hypothesis that fast-acquisitive strategies enhance fun-
gal diversity. These tree effects can be explained by short-lived 
fine-root systems, which produce more root litter than long-lived 
fine-root systems (McCormack & Guo, 2014). Hence, there is a 
higher substrate availability for fungi associated with trees with ac-
quisitive traits, consequently saprotrophs and several fungi from the 
unassigned group grow on these substrates and therewith increase 
fungal diversity (Beidler & Pritchard, 2017). Likewise, these traits 
enable symbionts to establish interactions with fine roots (Beidler 
& Pritchard, 2017; Fernandez & Kennedy, 2016). Multispecies forest 
plots exhibited a range of expressed traits, and the fungal Shannon 
diversity varied with tree species composition. Following the ‘bio-
mass ratio hypothesis’, the traits of the most abundant tree species 
should exert the largest influence on the fungal diversity in a mixed 
forest, which probably also hides the trait impact of less abundant 
trees. However, the less abundant trees may offer small but differ-
ent ecological niches, which result in higher fungal diversity. Thus, 
the impacts of tree diversity levels on fungal diversity are mainly 
observed when comparing large gradients of tree species diversity 
(Weißbecker et al., 2019).
The effect of root traits was particularly evident for the diversity 
of pathogenic fungi. Roots with thinner and lower-quality tissues 
may be more susceptible to pathogenic infections, since specialized 
fungal cell structures such as appressoria may be more successful 
in readily penetrating the plant cuticle, boosting tissue colonization 
and causing host plant immunity depression followed by enhanced 
diseases (Zeilinger et al., 2016). The specificity of the pathogens to-
wards tree species is mediated by the expression of defence traits, 
such as tissue quality, tissue density, phenol content or mycorrhi-
zal associations (Nicole et al., 1992; Rishbeth, 1972). Consequently, 
closely related tree species with similar traits may host the same 
pathogens (Desprez-Loustau et al., 2016). Variations may be related 
to trade-offs between growth and tree defence trait expressions 
amongst tree species (Desprez-Loustau et al., 2016), with fast-
er-growing plants and trees having a lower pathogen and herbivore 
tolerance due to the metabolic cost of resistance (Fine et al., 2006; 
Lind et al., 2013; Oliva et al., 2012). Therefore, the low investment in 
defence traits leads to a higher tree susceptibility and increases the 
number of potential pathogens.
We found no response of the saprotroph or symbiotroph 
Shannon diversity along the root spectrum. Fungal saprotrophs are 
able to produce multiple extracellular enzymes, allowing them to 
keep growing even in the presence of refractory structural com-
pounds in the soil organic matter (Krishna & Mohan, 2017). This 
substrate-use plasticity maintains a high diversity of fungal sapro-
trophs across tree communities with differing traits. Remarkably, 
the diversity of symbiotrophic fungi was also not affected by the 
tree root traits, even though our study plots were exclusively com-
posed of ectomycorrhizal trees except for Acer pseudoplatanus. 
Ectomycorrhizal fungi form a polyphyletic group with the capacity 
to forage heterogeneous and patchy soil resources while maintain-
ing multiple tree associations (Buscot, 2015). These features may 
explain the stable fungal symbiotroph Shannon diversity along the 
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tree root trait spectrum. Alternatively, changes in the fungal symbi-
otroph diversity might be distinguishable in deeper soil layers or di-
rectly in specific plant compartments, comparable to the results on 
mycorrhizal colonization. Our study analysed the upper 10 cm soil 
layer because most significant changes in the soil take place there 
due to the accumulation of aboveground and belowground litter 
(Ana et al., 2015; Uri et al., 2012). However, the whole fungal com-
munity dynamics and interactions with tree traits range through 
several soil horizons (Ana et al., 2015). For a better understanding 
of ecological inferences, the need to study additional layers and 
explore particular fungal groups with additional approaches, such 
as co-occurrences networks, joint species distribution models or 
machine learning methods, is given. This would reveal detailed in-
teractions of tree traits, fungal communities and their influence on 
biogeochemical cycles (Hao et al., 2020; Lembrechts et al., 2020; 
Toju et al., 2016). Therefore, this study offers a basic idea, how 
symbiotrophic diversity might be related to root traits. But more 
work is needed for particular fungal groups such as mycorrhizal, en-
dophytes or lichens that reveal specific diversity changes under a 
‘plant economics spectrum’ framework.
4.3 | Tree community traits and their effect on the 
fungal community structure
Our results confirm previously described impacts of geography 
and soil properties on the soil fungal communities (Perez-Izquierdo 
et al., 2017; Prober et al., 2015; Tedersoo et al., 2015; Urbanová 
et al., 2015). However, following the recommendations of previous 
studies (Buzzard et al., 2019; Prescott & Grayston, 2013; Tedersoo 
et al., 2014), we focused on the effects of tree community traits on 
soil fungi.
We found fungal OTUs with differential abundances accord-
ing to leaf and particularly litter traits. The relationship between 
litter quality and the dominant fungal guilds in soils explains 
community shifts, since litter quality changes due to decomposi-
tion: with a progression from complex to more simple structures, 
loss of easily attainable carbon and the accumulation of recalci-
trant compounds (Krishna & Mohan, 2017; Purahong et al., 2016; 
Vivelo & Bhatnagar, 2019). Moreover, the decomposition of lit-
ter can result in a high proportion of basic cations, such as Ca2+ 
and Mg2+, which alter the soil pH and nutrient availability (Lladó 
et al., 2018; Nordén, 1994), and hence affect fungal communities 
(Goldmann et al., 2015). Litter quality is the predominant driver 
for nutrient content and availability in soils (Freschet et al., 2012). 
Consequently, and in accordance with other studies (Sterkenburg 
et al., 2015; Wu et al., 2019), we found an enrichment of fungal 
unassigned and saprotrophic OTUs stimulated by high-quality litter, 
that is high nutrient input, which verifies our third hypothesis. In 
contrast, at low litter quality, when the nutrient input to the soil is 
restricted, we found an enrichment of fungal symbiotrophs. This 
effect can be attributed to the tree-mycorrhizal strategies to reach 
nutrients in low fertility soils: the mycorrhizal fungi supply plants 
with water and nutrients in exchange for photosynthates and this 
resource-use complementarity can stimulate several mycorrhizal 
types (Ferlian et al., 2018).
Regardless of the effects of aboveground tree traits, the highest 
impact on fungal communities was exerted by absorptive root traits 
according to CAP and PERMANOVA. We found the commonly re-
ported trade-off between RTD and root nitrogen concentration, that 
regulates ectomycorrhizal root colonization intensity, and therefore 
tree strategies to forage nutrients in warm and cold regions, respec-
tively (Chen et al., 2016, 2018; Defrenne et al., 2019). In relation 
to the root traits, our analyses indicated an enrichment of differ-
entially abundant symbiotrophic fungal OTUs in soils of the fast 
tree communities, a result supporting our fourth hypothesis. These 
symbiotrophic taxa can support tree growth by improving nutrient 
acquisition, which is, moreover, often coupled with less necessity for 
carbon investment in root growth (Chen et al., 2016). Higher sym-
biotrophic abundance in fast tree communities is potentially linked 
to high root respiration and a large amount of exudate secretion 
(Bardgett et al., 2014; De Deyn et al., 2008; Phillips et al., 2011). The 
latter stimulates growth of fungal taxa, particularly that of symbi-
otrophs such as mycorrhizal fungi, which are commonly present in 
the soil as propagules, being a reservoir of potential tree partners 
(Buscot, 2015; Jones et al., 2004; Sun et al., 2017). By breaking down 
organic matter, symbiotrophs can promote the subsequent growth 
of other fungal guilds, which induces shifts within the whole fun-
gal community (Bardgett et al., 2014; Fernandez & Kennedy, 2016; 
Weemstra et al., 2016).
4.4 | Enzymatic activities and fast/slow tree 
communities
We found stronger correlations between soil enzymatic activities 
and the root trait spectrum than with the leaf and litter traits. These 
findings support our fifth hypothesis regarding potential enzymatic 
activities related to root traits. However, our sixth hypothesis claim-
ing that enzymatic activities are more related to fast tree commu-
nities held only true for xylosidase and was rejected for N- and 
P-related enzymes. The activity of soil enzymes depends on two 
complementary prerequisites: (a) producers encounter resource 
limitation and have to synthesize resource-releasing enzymes, and 
(b) suitable substrates for these specific enzymes are present in the 
soil (Allison et al., 2011). Slow tree communities are commonly as-
sociated with low nutrient supply rates and carbon accumulation 
(Bardgett, 2017; Fort et al., 2016). In addition, the root spectrum 
demonstrates that slow tree communities have root tissues of higher 
quality. Thus, slow root decomposition processes are probably 
linked to constant supplies of substrates for synthesizing enzymes 
in the presence of limited nutrients in soil (Aponte et al., 2013; 
McCormack & Iversen, 2019). Accordingly, tree communities with 
conservative root traits fulfil the enzyme production prerequisites 
to promote activities of β-glucosidase, and particularly phosphatase 
and N-acetylglucosaminidase.
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Roots have a variety of strategies to capture nutrients from the 
soil. Roots exudate compounds into the soils to stimulate the pro-
duction of microbial extracellular enzymes, and the quantity of this 
exudation and the nutrient absorption ability are proportional to the 
root diameter (Lambers et al., 2006; Ma et al., 2018). Therefore, the 
divergence of soil enzymatic activity between fast and slow tree 
communities is based on root diameter and root fungal associations 
(Kong et al., 2015). Our results are in agreement with other studies 
which used large fine-root data sets and found that root diameter is 
negatively related to specific root length, such that the two param-
eters support contrasting mechanisms for belowground resource 
acquisition (Bergmann et al., 2020; McCormack & Iversen, 2019). A 
high specific root length (long and thin roots) promotes a high nutri-
ent acquisition capacity by the tree itself. Thicker roots (i.e. large root 
diameter) exhibit higher exudation rates and consequently induce 
greater hyphal growth and other microbial activities that increase N 
and P availability under slow tree communities (Yin et al., 2014). Our 
comparative models including the first PCA axes for leaf, litter and 
absorptive root traits confirm the significant role of the root traits 
for P-releasing enzymatic activity and fungal diversity. Moreover, 
the models indicate that leaf and litter traits are closely related to 
N-releasing enzymes (Table S6). These findings underline the im-
portance of plant–fungi interactions as crucial factors, influencing 
nutrient cycling in different forest systems and under different envi-
ronmental conditions (Kong et al., 2019).
4.5 | Soil functionality affected by trees and 
fungal guilds
We found that litter quality and absorptive root traits affect the 
fungal diversity, community composition and soil activity. Thus, tree 
species from boreal and hemiboreal forest adapted to cold regions, 
tended to display acquisitive traits with low litter quality and stimu-
lated higher soil fungal diversity. These forest types showed a more 
abundant symbiotrophic fungal community and in addition exhib-
ited a high level of xylosidase activity. The thermophilous decidu-
ous forest presented opposing traits, with less fungal diversity, an 
enriched saprotroph community and high enzyme activities for N 
and P. As an intermediate point, the mountainous beech forest had 
a broad range of tree trait species and strong activity on cellulose 
compounds. Moreover, in the mountainous forests, the tree species 
distribution, microbial communities and soil activities were affected 
by the mountain elevation gradient.
It has been suggested that interguild fungal interactions can 
control C cycling, and that N and water availability are key factors 
determining these interactions (Fernandez & Kennedy, 2016). The 
most important interactions are between ectomycorrhizal and sap-
rotrophic fungi, which can have positive and negative impacts, for 
example ‘priming’ and ‘Gadgil’ effects, respectively (Fernandez & 
Kennedy, 2016; Yin et al., 2014). Likewise, the magnitude and di-
rection of these fungal interactions appear to be context-depen-
dent (Fernandez & Kennedy, 2016). Our results under contrasting 
tree traits may represent the described effects. For instance, a 
deficiency of N that can induce interguild competitions explaining 
the low decomposition rates in thermophilous deciduous forest 
(Bending, 2003; Fernandez & Kennedy, 2016). In contrast, in the 
northern forest types that are dominated by fast tree species, car-
bon appeared to be the relevant factor. Subsequently, different fun-
gal interactions led to different litter decomposition rates, which 
affect the organic layer formation and hence the soil carbon pools 
(Uri et al., 2012).
Despite the differences between multispecies and monospecific 
forests regarding fungal communities, the potential enzymatic ac-
tivities of both systems did not change significantly. These results 
can be associated with functional redundancy (Louca et al., 2018). 
However, the higher fungal diversity in multispecies forest can be 
coupled to high fine root belowground species complementarity, 
and this high belowground complexity is characterized by great 
resilience and resistance against environmental disturbances main-
taining soil functionality (Brassard et al., 2013; Wagg et al., 2019). 
Our LMM showed that the litter traits, soil and locational variables 
were significant variables to explain either first or second axes of 
the enzyme variability. However, just the absorptive roots explain 
the both main axes of the enzyme variability, confirming again our 
fifth hypothesis that root traits are more strongly linked to enzyme 
activities than to leaf or litter traits. Moreover, we identified that 
fungal diversity can interact with root traits to affect soil functional-
ity, which may reflect the relationships between fungal communities 
and tree traits to maintain ES. These findings confirm the idea that 
the tree species influence soil carbon pools (Vesterdal et al., 2013) 
and nutrient cycling by affecting microbial diversity and composition 
(Bardgett et al., 2014; Urbanová et al., 2015).
5  | CONCLUSIONS
We showed that fungal diversity is related to tree community traits 
rather than to tree diversity levels. We confirmed the positive effect 
of mixed forest for fungal diversity and established tree identity as 
main factor influencing fungal communities, because their leaf, litter 
and root traits determine a trade-off of earnings between quantity 
and quality. Our findings highlight the tree effect of either ‘fast’ or 
‘slow’ communities driving different fungal guilds and influence N 
and P biogeochemical cycles. This information facilitates an under-
standing of forest functionality and helps decipher aboveground and 
belowground interactions in forests. However, we could sample only 
two levels of tree species richness in this study and considered only 
the top soil; hence, future research is needed to address active com-
munities and explore different soil layers and plant compartments.
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Table S1. Plots explored in the SoilForEurope project from the FunDivEUROPE platform. Plot tree composition split by country 
(associate to the forest type), soil type, edaphic and location information. White and grey cells represent mono-specific and multispecies 
plots, respectively. Compositions with number in parentheses indicate identical compositions in several countries. For edaphic 
properties in different countries (mean ± SD). Values with the same letter within each column are not significantly different from each 




















FIN12 63.02 29.79 233
FIN25 62.33 30.37 136
FIN26 62.33 30.32 108
FIN07 62.67 29.58 120
FIN11 62.7 29.77 124
FIN10 62.7 29.74 134
FIN23 62.36 30.21 122
FIN16 62.61 30.34 143
FIN21 62.41 30.22 135
Betula pendula , Carpinus betulus , Picea abies POL06 52.82 23.73 190
POL33 52.68 23.71 184
cambisol POL38 52.65 23.62 165
POL13 52.9 23.65 160
POL36 52.9 23.64 160
Betula pendula,  Picea abies , Pinus sylvestris (1) POL30 52.89 23.6 140
Betula pendula , Picea abies , Quercus robur POL04 52.76 23.66 171
Carpinus betulus , Picea abies , Pinus sylvestris POL23 52.69 23.67 170
luvisols Carpinus betulus,  Picea abies,  Quercus robur POL10 52.89 23.63 145
POL18 52.77 23.75 160
POL24 52.77 23.75 170
POL29 52.88 23.63 155
POL22 52.74 23.78 160
POL43 52.71 23.62 186
POL02 52.86 23.88 157
POL12 52.87 23.61 160
Picea abies (2) POL03 52.76 23.69 163
POL21 52.72 23.58 170
POL40 52.78 23.62 175






Betula pendula , Carpinus betulus , Pinus 
sylvestris
luvisols Betula pendula , Carpinus betulus , Quercus robur
cambisol
cambisol
Carpinus betulus , Pinus sylvestris , Quercus robur
luvisols






28.4± 5.3 c 1.6± 0.2 c 16.7± 2.2 c 1.0± 0.1 a 3.7± 0.2 b
21.9± 3.8 ab podzol









37.8± 11.5 bc 1.6± 0.6 c 23.7± 3.8 a 1.02± 0.1 a 3.8± 0.2 b
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ROM03 47.31 26.05 869
ROM20 47.29 26.05 869
ROM21 47.29 26.05 718
ROM25 47.28 26.05 1030
Abies alba , Acer pseudoplatanus , Picea abies ROM10 47.3 26.03 968
ROM11 47.3 26.04 805
ROM18 47.28 26.05 1012
ROM22 47.29 26.06 843
ROM07 47.31 26.04 1062
ROM23 47.29 26.06 894
ROM15 47.29 26.04 930
ROM16 47.29 26.04 972
ROM13 47.29 26.04 812
ROM26 47.29 26.05 782
ROM01 47.3 26.05 838
ROM02 47.31 26.05 865
Castanea sativa , Ostrya carpinifolia , Quercus ilex ITA25 43.07 11.28 355
Castanea sativa , Quercus cerris , Quercus ilex ITA14 43.07 11.2 444
ITA26 43.17 11.2 406
ITA36 43.17 11.21 436
Castanea sativa , Quercus ilex , Quercus petraea ITA10 43.08 11.21 438
Ostrya carpinifolia , Quercus cerris , Quercus ilex ITA09 43.08 11.22 429
Ostrya carpinifolia , Quercus cerris , Quercus 
petraea
ITA29 43.35 10.97 471
Ostrya carpinifolia , Quercus ilex , Quercus 
petraea
ITA05 43.35 10.97 422
Quercus cerris,  Quercus ilex , Quercus petraea ITA20 43.35 10.96 508
ITA07 43.18 11.2 402
ITA12 43.08 11.19 445
ITA03 43.43 10.92 416
ITA31 43.12 11.27 269
ITA15 43.07 11.2 388
ITA35 43.15 11.22 254
ITA06 43.34 10.94 393
ITA16 43.07 11.22 417
ITA04 43.35 10.97 397
ITA27 43.17 11.2 421
20.5± 3.7 b cambisol










50.3± 13.4 a 2.5± 0.9 b 19.9± 3.3 b 0.8± 0.1 b 4.6± 1.0 a
eutric 
cambisol
Abies alba , Acer pseudoplatanus , Fagus sylvatica











49.1± 16.0 ab 3.5± 0.9 a 13.8± 1.1 d 0.9± 0.1 b 4.6± 0.6 a 29.0± 7.6 a
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Table S2. Traits associated with leaf, litter and absorptive roots used to compute CWM values and for posterior PCA analysis (for 
details of the PCA see Fig. S3). The last two columns indicate the trait expression in fast or slow growing tree communities for the first 
PCA axes. leaf LDMC – dry matter content, leaf N – nitrogen content, leaf SLA – surface leaf area, litter Cellulose – cellulose content, 
litter lignin – lignin content, litter Ca – calcium content, litter N – nitrogen content, litter Polyphenols – total polyphenol content, Diam – 
root diameter, Myc – root mycorrhizal colonization intensity, root N – nitrogen concentration, root RLD – length density, root RTD – 
tissue density, root SRL – specific root length. After the table a photo panel of scanned roots.  
Variable code Variable description Unit Fast Slow 
Living leaf traits 
LDMC
2,3
CWM of the leaf dry matter content mg/g Low High 
N
2
CWM of the nitrogen content % High Low 
SLA
2,3
CWM of the surface leaf area mm²/g High Low 
Fresh leaf litter traits 
Cellulose
2
CWM of the cellulose content  % High Low 
Lignin
2
CWM of the lignin content  % High Low 
Ca
2
CWM of the calcium content mg/g Neutral Neutral 
N
2
CWM of the nitrogen content  % Low High 
Polyphenols
2
CWM of the total polyphenol content % Low High 
Absorptive root traits 
Diam
1
CWM of the diameter mm Low High 
Myc
1







CWM of the nitrogen concentration % High Low 
RLD
1










CWM of the specific root length  m/g High Low 
1
 Data from SoilForEUROPE project 
2 
Data from FunDivEUROPE project 
3 
Data from TRY database 
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Table S3. Linear mixed model evaluating impacts of tree trait PCA1, edaphic variables PCA1 and locational variables PCA1 on overall 
fungal diversity and individual fungal guild diversity. For all the models numDF = 1 and denDF = 55. Bold values correspond to 
significant variables. 
General model 
Diversity ~ Leaf traits PCA1 + Litter traits PCA1 + 
   Absorptive root traits PCA1  + Soil PCA1 + Locational PCA1, 
   random=~1|Forest type/Plot
Variable 
Overall Pathotroph Saprotroph Symbiotroph Multiple Trophic modes Unassigned 
F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value 
(Intercept) 5446.189 <.0001 556.18 <.0001 4680.7 <.0001 2318.7 <.0001 230.661 <.0001 4227.733 <.0001 
Leaf traits PCA1 0.439 0.5106 9.4704 0.0033 0.34 0.562 0.9365 0.3374 0.28503 0.5956 0.188 0.6661 
Litter traits PCA1 6.728 0.0121 8.2226 0.0059 0.96 0.3315 6.2641 0.0153 0.88328 0.3514 12.149 0.001 
Absorptive root 
traits PCA1 
27.44 <.0001 9.1086 0.0039 2.606 0.1122 0.0116 0.9146 1.37825 0.2455 26.877 <.0001 
Soil PCA1 6.151 0.0162 0.9082 0.3448 9.488 0.0032 1.2122 0.2757 5.38608 0.024 0.233 0.6315 
Locational_PCA1 1.009 0.3195 3.2501 0.0769 1.677 0.2007 0.0461 0.8307 0.02518 0.8745 0.133 0.7163 
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Table S4. Variation partitioning explaining the impact of location, edaphic variables and CWMs of tree traits for individual forest 
types.   
Boreal forest 
Retain variables 
Partition Individual fractions 




3 0.40708 0.05132 0.07652 
Edaphic CN.ratio, Sand 2 0.43678 0.24905 0.4064 
Tree 
Absorptive root traits 
PCA1 
1 0.17612 0.05842 0.07781 
Location + Edaphic 5 0.7402 0.30719 -0.15634 
Location + Tree 4 0.4893 -0.0214 -0.15053 
Edaphic + Tree 3 0.5678 0.30848 -0.01838 
Location + Edaphic + 
Tree 
6 0.84625 0.385 0.14952 




continued table S4. 
Hemiboreal forest 
Retain variables 
Partition Individual fractions 
Df R.square Adj.R.square Variation explain 
Location 
Edaphic Latitude 1 0.04485 -0.00821 0.02261 
Tree N conc 1 0.05728 0.0049 0.01175 
Location + Edaphic 
Leaf traits PCA1, 
Absorptive root traits 
PCA1 
2 0.17538 0.07836 0.11799 
Location + Tree 2 0.10027 -0.00558 -0.0003 
Edaphic + Tree 3 0.24266 0.10066 -0.00912 
Location + Edaphic + 
Tree 
3 0.23352 0.08981 -0.03309 





continued table S4. 





Df R.square Adj.R.square Variation explain 
Location Latitude, Longitude, Altitude 3 0.23764 0.04704 0.23105 
Edaphic C.conc, N.conc,CN.ratio, pH, clay 5 0.33294 -0.00059 0.1401 
Tree 
Leaf traits PCA1, Litter traits 
PCA1, Absorptive root traits 
PCA1, Basal area 
4 0.31042 0.05966 0.16392 
Location + Edaphic 8 0.56042 0.05804 -0.20886 
Location + Tree 7 0.51032 0.08186 -0.1291 
Edaphic + Tree 9 0.59636 -0.0091 -0.17242 
Location + Edaphic + 
Tree 
12 0.84439 0.22195 0.19727 




continued table S4. 
Thermophilous, deciduous forests 
Retain variables 
Partition Individual fractions 





4 0.3438 0.15632 0.14425 
Edaphic C.conc, N.conc, Sand 3 0.38362 0.26034 0.18203 
Tree Leaf traits PCA1, Litter 
traits PCA1, Absorptive 
root traits PCA1 
3 0.23787 0.08545 0.06101 
Location + Edaphic 7 0.6101 0.36198 0.01125 
Location + Tree 7 0.53614 0.24095 0.02363 
Edaphic + Tree 6 0.51916 0.27873 -0.04261 
Location + Edaphic + 
Tree 
10 0.74355 0.42299 0.04342 




Table S5. Number of OTUs sorted by fungal guilds with a significant differential abundance (p-adjust < 0.01) along the leaf, litter and 
absorptive root spectra. 
Differential abundance OTUs by guilds across spectra 
Leaf traits Litter decomposability Root trait 
Fast Slow Low High Fast Slow 
Saprotroph 13 14 16 46 18 10 
Symbiotroph 42 102 116 59 110 95 
Pathotroph 0 0 1 7 5 0 
Multiple Trophic modes 12 11 17 25 19 12 
Unassigned 20 32 50 119 64 37 
total 87 159 200 256 216 154 
Please see the supplemental file: “Output_leaf.litter.roots.Deseq2_spectrum” for specific details of OTUs with a significant differential 
abundance (p-adjust < 0.01) along the leaf, litter and absorptive root spectra.   
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Table S6 Modelling of phosphatase and N-acetylglucosaminidase activities. The basic model includes tree species richness, tree basal 
area, fungal diversity and the first PCA axes for soil and locational variables as fixed factors and forest type as a random factor. For 
the final model, the first PCA axes for leaf, litter or absorptive root trait spectra were added as additional fixed factors. 
basic model: 
“enzyme” ~ tree species richness + tree basal area + soil PCA1 + locational 











153.51/ 0.44 155.28/0.43 148.77/0.50 





root traits PCA1** 
tree basal area* 
fungal diversity* 
N-acetylglucosaminidase 
166.59/0.32 167.99/0.30 168.83/ 0.29 
leaf traits PCA1* 
tree basal area*** 
soil PCA1*** 
litter traits PCA1* 
tree basal area** 
soil PCA1*** 
tree basal area** 
soil PCA1*** 
locational PCA1* 
Signif. Codes for Pr(>|z|):  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Figure S1. A) Location, forest type, tree species and number of plots of sampling sites. B) 
Experimental design of plots and subplots as well as location of the sampling points. Tree-triangle 
approach to locate sampling spots within each subplot that represent the influence of surrounding 




Figure S2. Examples of scanned roots used to identify root traits: in first column deciduous trees 
A) Fagus sylvatica, B- C) Carpinus betulus, and second column evergreen trees D - E) Pinus
sylvestris, F) Picea abies. 
Chapter 2 
13 
Figure S3. PCA for tree communities with exploratory variables using computed CWM values for 
A) leaf: LDMC – leaf dry matter content, LNC – nitrogen content and SLA – surface area B) litter:
Cellulose – cellulose content, lignin – lignin content, Ca – calcium content, N – nitrogen content 
and polyphenols – total polyphenols content, and C) absorptive roots: Diam – root diameter, Myc 
– mycorrhizal colonization intensity, N – nitrogen concentration, RLD – length density, RTD –
tissue density, and SRL – specific length. PCA of D) edaphic variables: C – C stock, CN – CN 
ratio, bulk density, sand and clay – % sand and clay, respectively and pH. PCA of E) locational 
variables: latitude, longitude, altitude, annual mean temperature, and annual mean precipitation. 
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Figure S4. Rarefaction curves of fungal OTUs at a 97% similarity level for all 64 soil samples. Soil 




Figure S5. Comparison of fungal Shannon diversity among forest richness levels (A) and among 
forest types (B) using one and two way ANOVA, respectively. Fungal Shannon diversity values 
of forest types with the same letter do not differ significantly from each other according to Tukey 
HSD post hoc test. Forest systems within each forest type did not show an effect on fungal 
Shannon diversity (p > 0.05). 
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Figure S6. Correlations between Shannon diversity of different fungal guilds and the first PCA axis for CWM traits for leaves (A-D), 
litter (E-H), and absorptive roots (I-L). Asterisks indicate significant Pearson correlations with p < 0.05*, p < 0.01** and p < 0.001***, 
respectively. Shaded areas represent the 95% confidence intervals for the predictions. 
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Figure S7. Correlations between Shannon diversity of different fungal guilds and the first PCA axis for A) edaphic variables as well as 
B) locational variables. Asterisks indicate significant Pearson correlations with p < 0.05*, and p < 0.01**, respectively. Shaded areas
represent the 95% confidence intervals for the predictions. C) Canonical analysis of principal coordinates for fungal communities of the 
64 samples including all plot-variables. Arrows represent impact direction and strength of locational variables, edaphic variables and 
tree CWM traits. 
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Figure S8. NMDS of fungal communities based on a Bray-Curtis distance matrix (stress value 0.1748). Color and shape of the points 
indicate forest type and tree community composition. 
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Figure S9. Litter decomposition rates for the four forest types. Forest types with the same letter 
do not differ significantly from each other according to Tukey HSD post hoc test (p > 0.05). 
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Summary
Current studies show that multispecies forests are
beneficial regarding biodiversity and ecosystem
functionality. However, there are only little efforts to
understand the ecological mechanisms behind these
advantages of multispecies forests. Bacteria are
among the key plant growth-promoting microorgan-
isms that support tree growth and fitness. Thus, we
investigated links between bacterial communities,
their functionality and root trait dispersion within four
major European forest types comprising multi-
species and monospecific plots. Bacterial diversity
revealed no major changes across the root functional
dispersion gradient. In contrast, predicted gene pro-
files linked to plant growth activities suggest an
increasing bacterial functionality from monospecific
to multispecies forest. In multispecies forest plots,
the bacterial functionality linked to plant growth
activities declined with the increasing functional dis-
persion of the roots. Our findings indicate that
enriched abundant bacterial operational taxonomic
units are decoupled from bacterial functionality. We
also found direct effects of tree species identity on
bacterial community composition but no significant
relations with root functional dispersion. Additionally,
bacterial network analyses indicated that multi-
species forests have a higher complexity in their bac-
terial communities, which points towards more stable
forest systems with greater functionality. We identi-
fied a potential of root dispersion to facilitate bacte-
rial interactions and consequently, plant growth
activities.
Introduction
The increased demand for forest goods like timber and
the subsequent human interventions have led to drastic
changes of forest ecosystems. For instance, more mono-
cultures than multispecies forest plantations have been
established (Liu et al., 2018). To evaluate how this reduc-
tion of tree species richness affects forest functionality,
many studies analysed biotic and abiotic interactions,
biodiversity and ecosystem processes that support the
provision of ecosystem services (Nelson, 2013). How-
ever, fewer attempts have been made to understand the
underlying mechanisms (Morin et al., 2011; Forrester and
Bauhus, 2016). There are even fewer studies investigating
how forest functionality relies on microbial diversity
(Brockerhoff et al., 2017; Chen et al., 2020), although soil
bacterial communities and their gene pools impact
forest functionality (Lladó et al., 2018; Mercado-Blanco
et al., 2018). Some of the important bacterial-borne genes
maintaining forest functionality are related to nutrient turn-
over and improved tree performance during biotic and abi-
otic stress (Terhonen et al., 2018; Sui et al., 2019; Puri
et al., 2020). The importance of soil bacteria to support tree
fitness, health and nutrition is commonly accepted,
e.g. some bacterial groups act as tree growth promoters
through phytohormones synthesis, nitrogen fixation,
phosphate solubilization, synthesis of siderophores,
or reduction of ethylene levels (Mercado-Blanco
et al., 2018). Therefore, different molecular approaches,
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such as analysis of functional gene markers, meta-
genomic shotgun sequencing, or functional predictions
inferred from 16S gene sequencing have been used to
characterize bacterial functionality in different ecosys-
tems (Morales et al., 2010; Lammel et al., 2015; Dukunde
et al., 2019; Escalas et al., 2019; Lajoie et al., 2019;
Song et al., 2019). Such approaches increasingly
focus on the taxonomical and functional diversity of
tree microbiomes (Terhonen et al., 2018; Terhonen
et al., 2019). But despite the high amount of studies ana-
lysing bacterial diversity and composition in forest soils,
very few link bacterial functionality and tree traits to
reveal mechanistic effects (Barberán et al., 2015; Hanif
et al., 2019; Shigyo et al., 2019; Chen et al., 2020).
Tree species modify their environment through their trait
expressions, which in turn alter bacterial communities and
their impacts on forest functionality (Pei et al., 2016;
Eisenhauer and Powell, 2017; Khlifa et al., 2017). For
instance, tree root rhizodepositions and root necromass
supply the bacterial nutrient cycling (Eisenhauer
et al., 2017; Leisso et al., 2017; Lopez et al., 2020; Tian
et al., 2020). Likewise, abiotic factors such as topography,
soil nutrients and water availability apply selecting pres-
sures on roots leading to belowground tree species trait dif-
ferentiation (Gratani, 2014; Mori et al., 2019). Different
expression of tree traits such as root diameter, root tissue
density (RTD) or specific root length (SRL) can induce dif-
ferent associations between trees and soil bacteria
(Merino-Martín et al., 2020). For example, the proportion of
total photoassimilates released as root exudates vary from
20% to 80% according to root trait expression (Saleem
et al., 2018). This affects bacterial colonization and biofilm
formations, which has cascading effects on tree health and
performance (Noirot-Gros et al., 2018). Root traits reflect a
fine adaptation to environmental conditions and therefore
many root traits may coexist at each location, thus diver-
gent root trait compositions are observed among different
tree communities (Schellenberger Costa et al., 2017). It is
assumed that high root trait divergence reflects increased
soil heterogeneity and the emergence of multiple stable
niches for bacterial communities (Curd et al., 2018;
Dukunde et al., 2019). Therefore, different root trait expres-
sions in a particular space can potentially host different
bacterial taxa, which may proportionally contribute to
higher bacterial functionality (White, 2019; Vieira
et al., 2020).
In general, functional diversity is defined as ‘the value
and the range of those species and organismal traits that
influence ecosystem functioning’ (Tilman, 2001; Laureto
et al., 2015). Functional diversity considers organisms as
dynamic entities that interact with each other and react to
their environment (Calow, 1987; Laureto et al., 2015).
Within the functional diversity framework, the ecological
functional dispersion (FDis) metric represents a measure
of functional similarity amongst the dominant community
members (Villéger et al., 2010). A high dispersion reflects
a high grade of niche differentiation, which can decrease
the competition (Mason et al., 2005). For example, spe-
cies that differ in resource use, raise niche complemen-
tarity and will allow more complete use of the resources
available within a community with less competition for
similar niches, thus leading to higher productivity and
invasion resistance (Petchey, 2003; Mason et al., 2005).
In the present study, we considered root-functional dis-
persion (R-FDis) to be an explanatory value of the deter-
ministic effects of tree species composition on bacterial
communities. Furthermore, we considered that within
these bacterial communities, the abundance of genes
with effects on plant performance is a proxy for bacterial
functionality. Based on this double assumption, this study
aimed at analysing how tree root-functional dispersion
affects soil bacterial communities and their functionality.
We approached this question by characterizing tree root
traits of 34 European multispecies and corresponding
monospecific forest plots to define an R-FDis index.
Using Illumina sequencing from 16S, we then correlated
the R-FDis to soil bacterial communities and their func-
tional gene profiles deduced from an in silico analysis.
Moreover, we identified the most important bacterial taxa
related to the maintenance of tree health and fitness.
Results
Bacterial abundances and diversity across the functional
dispersion
Bacterial relative abundances across the R-FDis gradient
in forest mixtures were the highest for Proteobacteria
and Acidobacteria (Fig. 1A), followed by Actinobacteria,
Verrucomicrobia and Bacteroidetes, which showed simi-
lar relative abundances with increasing R-FDis. However,
bacterial abundance variation was dynamic around 1.2
and 2 of the R-FDis (Fig. 1A). The observed bacteria
operational taxonomic unit (OTU) richness and Shannon
diversity related to the R-FDis increased from monospe-
cific to multispecies stands and also within the multi-
species stands (Fig. S3). The individual Shannon
diversities at the phylum level revealed an increasing
trend of Shannon diversity of Acidobacteria, Chloroflexi
and Bacteroidetes but were only weakly related to R-
FDis (Fig. 1B).
Bacterial functionality across root functional dispersion
Bacterial functionality (Moverall) increased from monospe-
cific to multispecies stands (Fig. S4). However, the
highest gene abundance was reached at low R-FDis
values of the multispecies forest stands, for both the
© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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individually considered bacterial genes (Fig. S5) and the
bacterial multifunctionality indices (MC, MN, MP, MS,
MAbiotic and MBiotic, or Moverall; Fig. S6). In addition, for all
gene groups, an increase in R-FDis values leads to a
decrease of bacterial functionality (Fig. 2). We found sig-
nificant Spearman correlations between the R-FDis and
the Moverall (Rho = -0.34, p = 0.04), as well as for MC, MP
and MAbiotic and MBiotic.
PGPA-related bacterial functionality affected by tree
species richness, root functional dispersion (R-FDis) and
tree plot composition
Figure 3A shows the bacterial functionality or tree multi-
species stands sorted by R-FDis. In general, plots with
lower R-FDis had higher bacterial functionality. It
appeared that when the forest plot composition stimu-
lated the abundance of a particular plant growth–
promoting activity (PGPA; M indices), all the other PGPA
exhibited this similar trend. An exception was the abun-
dance of genes related to the S cycle, which displayed
contrasting results for very high or low R-FDis. Our
models indicated that the tree plot composition had a sig-
nificant effect on the Moverall, whereby each gene group
supported tree fitness, health and nutrition, by substan-
tially decreasing Akaike information criterion (AIC) values
(>10 units) compared with the effect of the tree richness
or R-FDis (Table S1). Evaluating the effect of tree spe-
cies richness or R-FDis as unique fixed variables on
gene functionality, we found a weak response. However,
when we used these two variables together in our model,
the model significance improved. Moreover, our models
indicated that C, P, abiotic and biotic stressor genes
responded positively to tree species richness and
R-FDis, but genes associated with S, and N cycles
responded to a lesser extent. In addition, we found a sig-
nificant effect of evergreen proportion trees in the plot on
all the M indices (Table S1). The results indicate that the
higher proportion of evergreen trees negatively influence
the bacterial functionality (Fig. S7). Since the relevance
of tree composition on gene PGPA abundances was rev-
ealed, Fig. 3B shows the respective monospecific bacte-
rial functionality arranged by Moverall. The higher values
are related to C, P and S. Moreover, some of the mono-
specific stands had higher abundances than their respec-
tive mixture plots.
Bacterial taxa involved in multifunctionality and their
composition under forest systems
We identified the bacterial communities with significantly
different abundances under small and great Moverall.
From a total of 25 221 bacterial OTUs only 1.4% showed
a differential abundance. Plots with small Moverall were
associated to higher number of differential OTUs,
226 compared with 129 OTUs in great Moverall plots. The
phylum Proteobacteria accounted for the highest number
of OTUs and the phyla Spirochaetae, Latescibacteria,
Ignavibacteriae, Gal 15, Fibrobacteres, Elusimicrobia
and Cyanobacteria just accounted for one OTU. In gen-
eral, for each phylum the small Moverall stands showed a
higher number of differential OTUs than great Moverall
stands, but the phyla Spirochaetae, Planctomycetes, Lat-
escibacteria, Gemmatimonadetes, Elusimicrobia, Cyano-
bacteria and Chloroflexi showed higher differential OTUs
with great Moverall (Fig. 4).
Community composition of preselected bacterial OTUs
was performed as network analysis (Fig. 5; Table 1). Our
Fig. 1. Relative abundances (A) and Shannon diversity (B) of the eight dominant bacterial phyla in multispecies forest plots across the root func-
tional dispersion index.
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network indicated a high connectance for multispecies
compared with monospecific forest stands. This overall
level of connectivity of tree multispecies plots was
reflected by the higher number of edges within the net-
work of the multispecies forest stands. The clustering
coefficient was also higher in the multispecies forest,
especially in stands with low R-FDis. In addition, we
found more totally isolated plots amongst the monospe-
cific forest stands. This analysis revealed a higher com-
plexity of multispecies forest stands than of monospecific
ones. However, within the multispecies forest stands, the
complexity was higher in low R-FDis plots, and subse-
quently in plots with high and medium R-FDis values
respectively. Our cluster detection analysis for multi-
species showed nine groups with a modularity of 0.29
and three totally isolated plots, and monospecific stands
12 groups with a modularity of 0.42 and six totally isolate
plots (Fig. S8). We found correlations between R-FDis
and linkage density (r = 0.44, p < 0.001). In addition, we
identified correlations between linkage density with the
Moverall (r = 0.33, p < 0.001). The analysis of similarities
(ANOSIM) results showed that forest type (R = 0.4561,
p = 0.001) and plot composition (R = 0.2768, p = 0.001)
shaped the bacterial community compositions, and the
effects of forest system and R-FDis were not significant.
Discussion
Bacterial communities and R-FDis
Our study evaluated soil bacterial communities from four dif-
ferent forest types under varying environmental conditions,
which cover a broad range of root traits of common
European trees. This gradient of R-FDis did not show signifi-
cant correlations with the bacterial relative abundances or
its diversity considering the eight dominant phyla. These
missing relationships could be an indication of confounding
effects by other factors strongly affecting bacterial diversity
such as annual precipitation, soil organic matter, pH and
nutrient availability (Uroz et al., 2016; Tian et al., 2018).
Alternatively, the diversity of tree-associated soil bacteria
can rather be influenced by tree species identity than by tree
species richness (Chen et al., 2019; Dukunde et al., 2019).
Our results complement this existing knowledge by adding
that an increasing dissimilarity of absorptive roots traits does
not per se alter bacterial diversity. Thus, a divergent root
system also needs an appropriate root trait combination to
improve bacterial biodiversity. However, we found a positive
trend with increasing bacterial abundance and diversity from
monospecific to multispecies forest plots. This finding indi-
cates that soil bacterial diversity is sensitive to shifts in root
trait expressions, since root trait expressions vary from
Fig. 2. Bacterial functionality grouping by plant growth promotion activities in multispecies stands. Blue lines indicate significant correlations.
Shaded areas represent the 95% confidence intervals for the predictions. Rho and p values of Spearman correlations are shown.
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homo- to heterogeneous in multispecies forests. Likewise, a
homogeneous root expression reduces the bacterial recruit-
ment in monospecific forests and can be linked to reduced
utilization of soil nutrients and a general lower nutrient avail-
ability for trees (Pretzsch et al., 2017; Wu et al., 2019). Sev-
eral studies reported that homogeneous root exudation
patterns cause soil acidification and excessive release of
substances, inhibiting the growth of plant species, which
hence also affect associated bacterial diversity (Hinsinger
et al., 2003; Shi et al., 2011; Steinauer et al., 2016).
Bacterial functionality response to R-FDis
The derived bacterial functionality of PGPA-related genes
responded significantly to R-FDis. The increasing PGPA
from monospecific to multispecies forest stands supports
the idea of existing synergies between tree biodiversity and
ecosystem services (Brockerhoff et al., 2017; Mori
et al., 2017). Our results add that multispecies forests can
stimulate their own tree growth and fitness by increasing the
abundances of bacterial genes related to nutrient turnover
and adaptation to biotic and abiotic stress (Baldrian, 2016;
Lladó et al., 2017). Furthermore, low levels of root trait dis-
persion have a greater effect on gene abundances com-
pared with high root trait dispersion levels. From a root
perspective, root trait dispersion is positive, because it may
be indicative of complementary soil resource acquisition
strategies and reduced competition (Mason et al., 2005;
Barry et al., 2019). However, our study displays that high
root trait dispersion and therefore niche heterogeneity
acts inversely by decreasing bacterial PGPA genes
Fig. 3. Bacterial functionality in
relation to R-FDis and tree plot
tree composition; (A) the multi-
species plot tree composition in
order of R-FDis values; (B) the
monospecies plot tree composi-
tion in order of Moverall abun-
dances; Aa, Abies alba; Ap,
Acer pseudoplatanus; Bp,
Betula pendula; Cb, Carpinus
betulus; Cs, Castanea sativa;
Fs, Fagus sylvatica; Oc, Ostrya
carpinifolia; Pa, Picea abies;
Ps, Pinus sylvestris; Qc, Que-
rcus cerris; Qi, Quercus ilex;
Qp, Quercus petraea; Qr, Que-
rcus robur.
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abundances. An explanation could be that divergent root
trait expressions generate an even root niche complemen-
tarity that involves several adequate microhabitats to soil
microbes (Lamb et al., 2011). These microhabitats are
enriched in suitable life conditions, decreasing the necessity
for bacteria to trigger high gene abundance to compete for
nutrients (Barret et al., 2011; Loeppmann et al., 2016). Alter-
natively but not excluding the previous explanations, high
root trait dispersion levels may cause a negative comple-
mentarity effect, which is reflected by decreasing PGPA
gene abundances, and commonly linked to a dominance of
antagonistic bacterial interactions (Becker et al., 2012).
Considering the shown importance of tree species identity
and tree type on the bacterial communities and their activi-
ties, Colin et al. (2017) likewise demonstrated that soil min-
eral type and tree species determinate taxonomical and
functional characteristics of the bacterial communities.
Oppositely, Dukunde et al. (2019) did not find that predicted
metabolic functional profiles follow tree species identities.
Such discrepancies in soil functionality can be related to the
study design and used approaches such as molecular
methods, bacterial cultural assays, soil substrate tests or
predicting tools (Blagodatskaya and Kuzyakov, 2013).
Despite the use of predicted functional profiles that repre-
sent microbial activity only indirectly, experimental data sup-
port our findings (Asshauer et al., 2015; Koo et al., 2017;
Lajoie et al., 2019). Although such tree species identity
effect is context-dependent, i.e. sensitive to soil characteris-
tics, our results show also that generally, broadleaf tree spe-
cies support higher bacterial functionality than evergreen
tree species (Ribbons et al., 2018). Leaf litter and root
rhizodepositions from evergreen tree species lead to low
soil pH, which mediates microbial processes, and subse-
quently affects bacterial communities, their enzyme dynam-
ics and efficiency (Mueller et al., 2012; Cesarz et al., 2013;
Purahong et al., 2016; Lladó et al., 2018; Ribbons
et al., 2018, Błonska et al., 2016). Błonska et al. (2016) addi-
tionally indicated that spruce and pine stimulate the enzy-
matic activities less than oak or hornbeam. These results
harmonize with ours, displaying highermicrobial gene abun-
dances inmonospecific plots of oaks and hornbeam. Inmul-
tispecies forests, the bacterial functionality was affected by
the plot tree composition and its relative tree abundances,
i.e. tree dominance, which could enhance or diminish the
PGPA gene abundances in regard to their monospecific
equivalents (Laliberté and Legendre, 2010).
Differential abundance groups and bacterial functionality
Despite the generally high relative abundance of bacteria in
our soils, only a few taxa (355 OTUs) responded with
Fig. 4. Bacterial OTUs with differential abundance under small and great Moverall and their associated life strategy; displayed OTUs were selected
with a p-adjust <0.01; Numbers at the sides represent the OTU counts for each phylum, and at the top of each column the total OTU number with
differential abundances associated to low and high overall multifunctionality is shown.
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differential abundance between plots with small and great
Moverall. Thismight be linked to the fact that in soil, just a small
portion of the bacteria is active, which are partly functional-
redundant (Blagodatskaya and Kuzyakov, 2013; Baldrian,
2016; Romanowicz et al., 2016; Louca et al., 2018). As to be
expected, many of the differential abundant bacterial taxa
belong to Proteobacteria, Actinobacteria and Acidobacteria,
which often represent the core microbiome, covering main
soil functions (Lladó et al., 2017; Verma et al., 2019). The
bacterial genera of Burkholderia, Rhizobium and Streptomy-
ces are also known for covering ‘basic’ functions such as res-
piration, nitrogen, phosphorus cycling and organic matter
decomposition (Lladó et al., 2017; Verma et al., 2019; Jia and
Whalen, 2020). In accordance with these reports, we also
found representative bacteria covering similar functions (see
supplementary Differential OTU Table). Likewise, we identi-
fiedOTUs in greatMoverall plots that could enhance thePGPA
due to their enrichment. For example, Planctomycetes can
contribute to high multifunctionality due to its capacity to per-
form as slow-acting degraders of various biopolymers
(Ivanova et al., 2016; Dedysh and Ivanova, 2018).
Gemmatimonadetes, a phylum with versatile metabolism
adapted to low soil moisture and able to mobilize and accu-
mulate polyphosphate (Zhang et al., 2003; DeBruyn
et al., 2011), showed high abundances in multispecies for-
ests.Chloroflexi is closely related not only to the nitrogen and
Fig. 5. Network of multispecies and monospecific forest plots based on bacterial community composition of OTUs with differential abundances;
sizes and colours indicate overall multifunctionality (Moverall) and shape root functional dispersion (R-FDis); dashed lines show plot modules; Aa,
Abies alba; Ap, Acer pseudoplatanus; Bp, Betula pendula; Cb, Carpinus betulus; Cs, Castanea sativa; Fs, Fagus sylvatica; Oc, Ostrya
carpinifolia; Pa, Picea abies; Ps, Pinus sylvestris; Qc, Quercus cerris; Qi, Quercus ilex; Qp, Quercus petraea; Qr, Quercus robur.
Table 1. Properties of networks displayed in Fig. 5 for bacterial communities in monospecific and multispecies forest plots.
Monospecifics Multispecies
R-FDis - null R-FDis - low R-FDis - medium R-FDis - high
Number nodes 30 34
Number edges 42 127
Clustering coefficient 0.4693878 0.6677116
Linkage density (complexity) 2.8 ± 0.40b 11.0 ± 1.68a 5.6 ± 1.33ab 8.4 ± 1.35a
Clustering coefficient (for R-FDis) 0.42 ± 0.06a 0.86 ± 0.09a 0.55 ± 0.10a 0.63 ± 0.07a
Note: Different letters indicate significantly differences according to ANOVA (p < 0.05) and Tukey-HSD post hoc test.
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sulfur cycles (Hanada, 2014), but also to the less studied
chlorine cycle (Krzmarzick et al., 2012). Thus, abundance
changes for this phylum could affect the soil forest func-
tionality associated with ‘rare’ cycles. Our examples indi-
cated that bacterial communities in multispecies plots
accomplish the same functions as bacterial communities
in monospecific plots, despite their lower number of taxa
with differential abundances. However, we believe that in
multispecies forests, bacterial communities are more
adaptable and resilient towards the disturbance, because
of the increased number of bacterial taxa, executing ‘rare’,
e.g. methanogenesis and mineralization of recalcitrant
organic pollutants, and ‘basic’ functions (Jia and
Whalen, 2020). In addition, bacterial communities in mul-
tispecies plots display an enriched bacterial trait diversity,
which explains higher forest functionality, too.
Our results also showed a differential abundance of
Firmicutes associated with small Moverall plots. Firmicutes
and its associated Bacteroidetes are commonly reported
as dominant in human microbiomes (Castaner
et al., 2018; Li and Ma, 2020). However, this phylum also
plays an important role in soils by facilitating bioremedia-
tion processes (Gupta et al., 2018), especially in recalci-
trant soils under evergreen trees (Ramirez et al., 2012;
Lladó et al., 2017; Wei et al., 2017). Accordingly, these
harder soil conditions in small Moverall plots may favour
Firmicutes differential abundances. Thus, members of
the Firmicutes could be seen as indicator species for soil
functionality, since they compete intensely with other taxa
and react rapidly to belowground niche variations. Gener-
ally, bacterial community composition, their interactions
and subsequently their activities resulting in various
abundance patterns are often uncoupled from bacterial
functionality (Louca et al., 2018; Liu et al., 2019). There-
fore, bacterial functionality is neither necessarily related
to higher bacterial differential abundances nor to below-
ground niche heterogeneity.
Bacterial composition, R-FDis and bacterial functionality
Multispecies forest plots recruited more similar bacterial
communities, which led to a three times higher con-
nectance compared with their monospecific counterparts.
Previous co-occurrence network analyses suggested that
microbial contribution to ecosystem functioning is supe-
rior in systems with high complexity and is characterized
by high resilience and resistance against environmental
disturbances (Karimi et al., 2017; Wagg et al., 2019). Fol-
lowing this idea, the studied multispecies plots could
develop greater Moverall than monospecific plots, because
multispecies forest has a higher probability to build up
cooperative interactions for resources and keep their
functionality under fluctuating conditions. Furthermore,
multispecies systems have higher complexity in their
bacterial communities, particularly in low R-FDis levels,
which could indicate a more stable system and explain
the great Moverall (Pimm, 1984; Landi et al., 2018).
For our study, the interpretation of modularity could hint
towards a particular tree plot composition, able to host
the bacterial communities of its module plot members
and to a less extent from plots of neighbouring modules.
Correspondingly, the link density of the module suggests
how robust the module is. The organic matter inputs to
soil come primarily via rhizodeposition and litter (Vogt
et al., 1991; Gunina and Kuzyakov, 2015), and conse-
quently cause a selective influence on microbial commu-
nities and their physiology (Grayston et al., 1998; Ayres
et al., 2009; Augusto et al., 2015; Nacke et al., 2016).
Although the monospecific plots showed higher modular-
ity than the multispecies ones, the link density in multi-
species plots represents a higher probability to harbour a
variety of bacteria and maintain functionality due to a bet-
ter soil organic matter input. In addition, the positive cor-
relation between the root trait dispersion and the linkage
density could indicate that the root trait divergence facili-
tates an increased number of bacterial interactions as a
mechanistic influence on soil functionality (Valiente-
Banuet et al., 2015; Eisenhauer and Powell, 2017; Karimi
et al., 2017). Moreover, the link density correlated with
Moverall could impact plant traits and performance as a
tree-bacterial functional feedback (Fitzpatrick et al., 2018;
Compant et al., 2019).
We initially expected that R-FDis as a useful tool to
explain bacterial community composition in forests,
because root traits have been identified as explanatory vari-
ables of microbial communities (Merino-Martín et al., 2020).
However, in our study, we did not find a direct effect of R-
FDis on the bacterial community composition. Possibly, our
root trait divergence did not have the capacity to represent
the diverse input that influences the bacterial communities.
Accordingly, the inclusion of other root traits related to
rhizodepositions, root hair length and density could be ben-
eficial to further explain the bacterial patterns. Similarly, our
study does not contemplate intraspecific root trait variation
that plays an important role in the root-microbial associa-
tion, particularly in the resource acquisition potential of trees
(Pérez-Izquierdo et al., 2019). Additionally, we consider that
the impact of root dispersion on bacterial community com-
position could increase when analysing rhizosphere soil
instead of root zone soil, because this root proximity shapes
bacterial composition intensively (Schöps et al., 2018).
Overall, our study marks the first step to quantify a
subset of PGPR gene activities to tree health and perfor-
mance with predictive methods. Future scientific efforts
should aim to gain more holistic views of these PGPR
activities by using meta-databases with complete
genome sequences that associate with predicted micro-
bial phenotypes. This would allow to decipher detailed
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mechanistic above-belowground interaction in forest
ecosystems.
Experimental procedures
Sampling site and design
In the frame of the project SoilForEurope (http://websie.
cefe.cnrs.fr/soilforeurope/), we used 64 plots of the
FunDivEUROPE platform (Baeten et al., 2013). These
sites are located along a latitudinal gradient in four major
European forest types: boreal forests (Finland), hemi-
boreal forests (Poland), mountainous beech forests
(Romania) and thermophilous deciduous forests (Italy).
Soil cores with roots of the dominant tree species were
collected from the 64 plots that comprise 13 main tree
species and 33 different tree species compositions. Plots
with three dominant trees species comprise Abies alba,
Acer pseudoplatanus, Betula pendula, Carpinus betulus,
Castanea sativa, Fagus sylvatica, Ostrya carpinifolia,
Picea abies, Pinus sylvestris, Quercus cerris, Quercus
ilex, Quercus petraea and Quercus robur. The plot
design and sampling procedure have previously been
described (Gillespie et al., 2020). In brief, in 30 × 30 m
mature forest plots, we took our samples from five
10 × 10 m subplots. Soil samples were collected at an
equidistance of three trees belonging to one (monospe-
cific) or different (multispecific) species (Vivanco and
Austin, 2008). After the forest floor was removed for each
subplot, we sampled the upper 10 cm soil with a split-
tube sampler (Eijkelkamp, inner diameter 5.3 cm), two
soil cores were taken, one for molecular microbe evalua-
tion and the other for root trait analyses. Soil samples for
molecular analyses were transported at -4C. Soil and
root samples were frozen and stored at -20C until further
processing.
Wet laboratory assays
Root traits. Intact soil cores taken adjacent to the soil core
samples for microbial molecular analyses were used to
explore root traits. From each of these intact cores, roots
were separated frommineral particles using a sieve cascade
(2 and 1 mm mesh size) followed by the flotation method
(Bauhus and Bartsch, 1996). The skeleton content (>2 mm
in diameter) was retrieved to calculate the fine-earth volume
of each soil sample. Living absorptive fine roots, defined as
the three most distal root orders, of the target tree species
were classified according to the functional classification
approach by McCormack et al. (2015) and separated from
transport (higher order roots), dead and understory plant
roots. We used absorptive fine roots, because of their fast
adaptive response to changes in abiotic and biotic conditions
and their close interactions with bacterial communities
(Pregitzer et al., 2007; Merino-Martín et al., 2020). Traits for
absorptive fine roots encompassed diameter, SRL, length
density, tissue density, ectomycorrhizal (ECM) colonization
intensity and nitrogen concentration. For individual subsam-
ples per tree, the degree of ECM colonization was deter-
mined using a microscope by counting the root tips
colonized by ECM fungi per centimetre. Absorptive roots
were subsequently scanned with a flatbed scanner (at a res-
olution of 800 dpi). The software WinRhizo (Regent Instru-
ments, Québec, Canada, 2009) was used to analyse the
root scans to measure root length (cm), surface area (cm2),
volume (cm3) and diameter (mm) for each sample. Oven-
dried samples (40C, at least 72 h) wereweighted with a pre-
cision scale (0.00001 g) to quantify SRL (m g-1) and RTD
(g cm-3). Root length density (cm cm-3) was calculated as
root length per fine-earth volume. Finally, the samples were
milled to determine total organic nitrogen concentrations by
dry combustion (Elementar Vario El Cube).
Molecular sequencing of bacterial communities. From
the core soil samples for microbial analysis, the roots were
sorted out by hand and soil homogenized by sieving at a
2 mm mesh size. The molecular procedure was in accor-
dance with Habiyaremye et al. (2020). Briefly, total genomic
DNAwas extracted from 0.5 g of each subplot sample using
the Power Soil™ DNA Isolation Kit (Qiagen Laboratories,
Solana Beach, USA) following the manufacturer’s instruc-
tions. After pooling DNA at the plot level, we performed
amplification of bacterial 16S V4 using the primers
P5_8N_515F and P5_7N_515F together with P7_2N_806R
and P7_1N_806R (Caporaso et al., 2011; Caporaso
et al., 2012; Moll et al., 2018). PCR amplification was per-
formed by using KAPA 7.50 μl of HiFi HotStart ReadyMix
DNA Polymerase (Kapa, ROCHE or Sigma) and 0.3 μl of
each primer with 2 μl of template in 15 μl reaction. PCR con-
ditions were 3min at 95C, followed by 30 cycles of 95C for
50 s, 55C for 50 s and 72C for 60 s, with a final extension
of 72C for 7 min. Each amplification reaction was verified
by agarose gel electrophoresis with ethidium bromide
staining on 1.5% agarose gel. PCRs products were purified
with AMPure XP beads (Beckman Coulter, Krefeld, Ger-
many). Subsequently, the Illumina index and sequencing
adapters were added by PCR using Nextera XT Illumina
Index Kit (Illumina) according to the manufacturer’s instruc-
tions. Library quantification was done with Quant-iT
PicoGreen dsDNA assay and the Agilent High Sensitivity
DNA assay in Agilent 2100Expert, following Illumina recom-
mendations. Finally, samples were normalized and pooled
with equal amounts of each sample. Illumina MiSeq
sequencing was performed at the Department of Soil Ecol-
ogy, UFZ – Helmholtz Centre for Environmental Research
in Halle (Saale), Germany. Sequence data have been
deposited in the European Nucleotide Archive with the
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accession number PRJEB33611 and experiment accession
ERX4203279–ERX4203342.
Bacterial biomass. We determined the bacterial biomass
using the phospholipid fatty acid analysis method described
byPei et al. (2017). Shortly, membrane lipidswere extracted
from 2 g of freeze-dried soil with a mixture of citrate buffer
chloroform, methanol and (0.9:1:2, by volume). The chloro-
form phase containing the dissolved fatty acids was col-
lected and evaporated by N2. Afterwards, fatty acids were
converted to methyl esters using acid methylation. These
products were then analysed by GC–MS (Agilent, HP DB5
column) for peak quantification and identification. The peak
areas were converted into nmol g soil-1 based on an internal
standard of known concentration (13:0 tridecanoic methyl
ester). Soil total microbial biomass was calculated by sum-
ming all microbial lipids related to bacterial biomarkers, such
as i15:0 for (Gram-positive bacteria), 16:1ω7c (Gram-
negative bacteria) and 10Me16:0 (actinomycetes).
Approaches for R-FDis, bacterial communities and their
functionality
Root functional dispersion. R-FDis represents the mean
distance in a multidimensional trait space of an individual
species to the centroid of all species within a community
(Anderson, 2006; Laliberté and Legendre, 2010). It
accounts for species abundances by shifting the position
of the centroid towards the more abundant species and
weighting distances of individual species by their relative
abundances (Laliberté and Legendre, 2010). R-FDis were
analysed for each forest type using the trait values, and
the relative basal area of the target trees as a proxy for
abundances of the tree species (Fig. S1). We calculated
R-FDis of absorptive roots using the package ‘FD’ for R
(Laliberté and Legendre, 2010; Laliberté et al., 2014). The
study of the R-FDis focused on multispecies stands, due
to the fact that communities composed of only one species
have no root dispersion, and thus lead to R-FDis values of
0 (Laliberté and Legendre, 2010). Monospecific stands,
however, were used as a reference in comparison with
multispecies forests.
Bioinformatics and bacterial communities. Raw bacterial
sequences were extracted based on their unique barcodes
and were truncated by cutting off the primer sequence.
Bioinformatics workflow was mainly based on MOTHUR
(Schloss et al., 2009) and OBITools (Boyer et al., 2016)
implemented in the pipeline DeltaMP (https://github.com/
lentendu/DeltaMP/; Schöps et al., 2018). Sequences with
a length range from 50 to 600 bp were quality-filtered all-
owing only five mismatches in the primer sequence and
trimmed by a minimum quality Phred score of 28. The
paired-end reads were merged employing a PandaSeq
algorithm (Masella et al., 2012), with a threshold of 0.6
and a minimum overlap of 20 nucleotides. The sequences
were clustered into OTUs by 97% sequence identity using
cd-hit-est v4.6.1 (Fu et al., 2012). The taxonomy of the
representative sequence per OTU was assigned using the
SILVA 123 database using the Bayesian classifier
(Schloss et al., 2009; Quast et al., 2013).
Diversity and statistical analyses were performed using
the software R (version R-3.6.1). Bacterial communities
were analysed using the ‘phyloseq’ (McMurdie and
Holmes, 2013) and ‘vegan’ (Oksanen et al., 2017) pack-
ages. To maintain sample saturation (Fig. S2), sequencing
data were rarefied at the cutoff of 80 000 reads per sample,
following the suggestions for big libraries with more than
1000 sequences per sample (Weiss et al., 2017). We kept
all OTUs with at least two sequence reads in more than
10% of the samples. For better visualization, we only
showed the relative abundances and the Shannon diver-
sity of the eight dominant bacterial phyla.
Bacterial gene profiles as estimations for PGPA. We
obtained gene profiles by using the Tax4Fun, a software
package that predicts the functional capabilities of bacte-
rial communities based on 16S rRNA datasets (Asshauer
et al., 2015). Tax4Fun uses the taxonomic profile of each
bacterial OTU and links it to a set of pre-computed meta-
bolic reference profiles. Tax4Fun estimates the metabolic
reference profiles based on the KEGG (Kyoto Encyclo-
paedia of Genes and Genomes) database (Kanehisa and
Goto, 2000; Kanehisa et al., 2014). We considered the
retrieved gene abundances and diversity as a proxy for
bacterial functionality. From the overall gene diversity, we
choose 20 genes known for stimulating PGPA. We have
sorted these 20 genes into six PGPA-related gene
groups, i.e. C, N, P, S cycles, and resistances mecha-
nism against biotic or abiotic stressors (Table 2).
The abundance values of the 20 chosen genes were
normalized with the total bacterial biomass (Aggio
et al., 2011). Afterwards, we performed multifunctionality
analyses by calculating Z-scores, i.e. centre and scaling
of the mean with standard deviation. The mean of all of
these Z-scores provides the overall multifunctionality
index Moverall, expressing the functionality of the 20 cho-
sen genes for the 64 sampled forest plots (Maestre
et al., 2012). Furthermore, we calculated individual multi-
functionality indices (MC, MN, MP, MS, MAbiotic and
MBiotic) for the six gene groups. Differences among forest
systems were analysed using analysis of variance
followed by the Tukey-HSD post hoc test. Spearman cor-
relation analysis was performed to examine the relation-
ships between M and R-FDis. Linear mixed models were
performed using the R package ‘lme4’ (Bates
et al., 2015). We evaluated the influence of tree species
richness, R-FDis, tree plot composition and proportion of
© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology
12 L. D. Prada-Salcedo et al.
evergreen trees in the plot on M, using forest type as a
random factor. Model evaluation was done taking into
account the AIC (Akaike, 1981), also impact of the vari-
ables and simplicity were tested according to the princi-
ple of parsimony.
Differential abundances and bacterial network commu-
nity. To identify the functional most important bacterial
taxa, we identified and classified forest plots between
‘great’ and ‘small’ bacterial functionality while considering
Moverall. Using these two categorical groups of bacterial
functionality, we performed DESeq2 coupled with the
‘Wald’ test (Love et al., 2014) to identify OTUs differentially
abundant (p-adjust value <0.01) in either group. Based on
the literature, we identified bacterial selection strategies at
the order level of these OTUs (Fierer et al., 2007; Ho
et al., 2017). These differentially abundant OTUs were also
used for subsequent network construction to evaluate the
bacterial community. Thereby, each node represents a plot
and each edge a significant relation under the Morisita dis-
tance matrix, which is able to deal with sample size and
diversity (Morisita, 1961; Wolda, 1981). Our threshold of
maximal ecological distance to define ‘connected’ samples
was 0.2. We used the igraph package to create sample
networks (Csardi and Nepusz, 2005). These networks
were then visualized with the ggnet2 part of the ‘network’
package (Butts, 2008b), using the ‘fruchtermanreingold’
layout to obtain an overall distribution pattern of the nodes
(Fruchterman and Reingold, 1991; Butts, 2008a). Group
attributed layout, where colour and size were defined by
Moverall and shaped by R-FDis. We further categorized R-
FDis as null (monospecific forest plots), low, medium and
high (multispecies forest plots). We described the network
property clustering coefficient for each forest system and
categorical R-FDis. Besides, we compared the categorical
R-FDis using the linkage density (complexity) described as
the average number of edges per node. Additionally, clus-
ter detection (modularity) was performed via random walks
with the ‘walktrap.community’ and ‘membership’ functions
(Pons and Latapy, 2005), from igraph package. Pearson
correlations were used to evaluate relations between R-
FDis and linkage density, as well as linkage density and
Moverall. ANOSIM was used to define the impact of forest
type, plot composition (tree species composing the plot),
forest system (monospecific vs. multispecies) and R-FDis
on bacterial community composition.
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The n individual species in a two‐dimensional trait space are represented by black circles, whose sizes are 
proportional to their abundances. Vector xj represents the position of species j, vector c is the centroid of 
the n species (white square), zj is the distance of species j to centroid c, and aj is the abundance of species 
j. In panel (a), all species have equal abundances (i.e., presence-absence data). In that case, c = [ci], where
ci is the mean value of trait i, and FDis is the mean of distances z of individual species to c. In panel (b), 
species have different abundances. In that case, the position of c is weighted by the species relative 
abundances, such that it shifts toward the more abundant species. Individual distances z of species to c 
are weighted by their relative abundances to compute FDis (source: Laliberté and Legendre (2010) – 
modified). 
Figure S1. Example use of FDis metric with root traits. FDis can account for relative abundances 
by shifting the position of the centroid towards the most abundant species, and then computing a 
weighted average distance to this new centroid, using again the relative abundances as weights. 
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Figure S2. Rarefaction curves of bacterial OTUs at a 97% similarity level for all 64 soil samples. 
Chapter 3
4 
Figure S3. Observed bacterial richness and Shannon diversity across R-FDis for (A) 
monospecific and multispecies forest plots (B) and just multispecies stands. Shaded areas 
represent the 95% confidence intervals for the predictions.
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Figure S4. Overall multifunctionality across R-FDis for monospecific and multispecies stands. 
Shaded areas represent the 95% confidence intervals for the predictions. 
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Figure S5. Heatmap of individual gene abundances tested across R-FDis categories. 
Chapter 3
7 
Figure S6. Gene abundance profiles grouped by plant growth promotion activities from mono-




Figure S7. Relationships between proportion of evergreen trees in the forest plots and plant 
growth promotion activities groups. R correlation values by Pearson statistic and their p-value. 
Shaded areas represent the 95% confidence intervals for the predictions.
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Figure S8. Cluster detection analysis for multispecies and monospecific forest stands. Left side: 
dendrogram by groups and right side: network at plot level with modularity. Colored circles are 
linked to the dendrogram clusters. 
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Table S1. Linear Mixed Models (LMM) evaluate the influence of tree species richness, R-FDis, tree plot composition and proportion 
of evergreen trees in the plot on gene plant growth promotion activities groups. 
Response/s AIC Pr(>Chisq) AIC Pr(>Chisq) AIC Pr(>Chisq) AIC Pr(>Chisq) AIC Pr(>Chisq) AIC Pr(>Chisq) AIC Pr(>Chisq)
Tree species
richness
147.9 173.5 171.2 181.9 125.3 148.5 166.5
R-FDis 148.9 1 173.9 1 172.2 1 182.4 1 126.5 1 149.6 1 167.5 1
Tree composition 135.8 2.967e-05 *** 159.7 2.436e-05 *** 166.4 0.0002535 *** 154.4 9.381e-08 *** 110.4 8.018e-06 *** 140.3 0.0001097 *** 154.8 2.995e-05 ***
Proportion 
evergreen in plot
146.1 <2.2e-16 *** 171.4 < 2.2e-16 *** 170.9 < 2.2e-16 *** 182.3 < 2.2e-16 *** 122.8 < 2.2e-16 *** 146.9 < 2.2e-16 *** 165.5 < 2.2e-16 ***
Tree species
richness + R-FDis
147.3 0.05857 . 172 0.04829 * 170.9 0.0665298 . 183.4 0.3131 126.1 0.1224 147.6 0.0446593 * 166.3 0.07562 .
Tree species
richness + Tree 
composition
135.8 1 159.7 1 166.4 1 154.4 1 110.4 1 140.3 1 154.8 < 2.2e-16 ***
R-FDis + Tree 
composition
137.1 0.4077 160 0.18127 166.3 0.1474065 155.9 0.4865 112.3 0.7699 141.9 0.5188258 156 0.36566
Tree species
richness + Tree 
composition + R-
FDis













135.8 1 159.7 1 166.4 1
154.4
1 110.4 1 140.3 1 154.8 1




Laliberté, E., and Legendre, P. (2010) A distance-based framework for measuring functional diversity 
from multiple traits. Ecology 91: 299-305. 
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Depending on their tree species composition, forests recruit different soil microbial communities, 
likewise the vertical nutrient gradient along soil profiles also impacts these communities and their 
activities. In soils of forest ecosystems, bacteria and fungi coexist, because their substrate 
preferences and nutritional requirements differ, but as they also interact the mechanisms behind 
soil microbe community assemblies are complex and challenging to decipher. Machine learning 
algorithms are useful to classify organism communities at high taxonomic levels such as those of 
the bacterial and fungal kingdoms.  By using soil bacterial and fungal amplicon sequencing with 
random forest (RF) models, we aimed to analyses diversity indices of bacteria and fungi in relation 
with forest composition and soil depth. Moreover, we aimed to identify indicator microbial taxa 
associated to forest plots composed of deciduous or evergreen trees and their mixtures, as well 
as to the 0-10cm, 10-20cm and 20-30cm soil depths. Microbial taxa showed higher changes in 
relative abundance across soil depths than in relation to forest composition. The microbial 
Shannon diversity was specially affected by soil depth and by the proportion of evergreen trees. 
Our RF model validated further that bacterial communities are primarily shaped by soil depth, in 
contrast to fungal communities, which are rather influenced by the forest composition. RF 
classifier showed higher accuracy to predict taxonomic composition than bacterial metabolic 
pathways and fungal functional guilds. Deciduous forest were characterized by bacteria linked to 
nutrient-rich conditions and saprotrophic fungi. In addition, energy metabolism pathways were the 
best indicator of this forest composition. In contrast, evergreen forests harbored soil bacteria and 
fungi tolerant to harsh soil conditions, like low pH, and with increased potentials of biofilm 
formation and quorum sensing. Higher levels of  key processes such as photosynthesis, nitrogen 
cycling, and production of a broad diversity of metabolites, especially in top soils, indicated an 
enhanced rate of soil functioning in mixed forests than in pure deciduous or evergreen ones, 





Soil forest ecosystems hold high amounts of microbial biomass and diversity (Llado et al., 2018, 
He et al., 2020). Linked to the litter and exudates inputs from trees and understory vegetation, 
soil microbes sustain multiple ecosystem functions like decomposition, nutrient cycling, primary 
production and multi-trophic interactions (Binkley & Giardina, 1998, Mori et al., 2017).  
Soil microbial communities can be strongly affected by forest composition (in terms of both 
species diversity and evergreen vs deciduous trees), and are therefore known to react sensitively 
to forest conversion (Dukunde et al., 2019, Goldmann et al., 2015). Impacts of forest composition 
on soil microbes can be coupled to individual tree taxonomy but also to differences at functional 
level between evergreen and deciduous trees (Prescott & Grayston, 2013). Replacement of 
beech by spruce for instance is associated with changes of soil structure, including humus form 
and soil acidity, consequently impacting soil bacterial and fungal community composition (Nacke 
et al., 2016, Berger & Berger, 2012). Furthermore, divergent litter and roots exudates of evergreen 
or deciduous trees can directly affect soil microbes (Moll et al., 2015, Eisenhauer et al., 2017). 
Indirectly, microbial communities are also shaped by interactions with other members of the soil 
food web (e.g. protists or nematodes), which are also affected themselves by forest tree 
composition (Bonkowski, 2004, Geisen et al., 2018) . Litter fall often leads to an enriched microbial 
diversity and activity in the topsoil (Uri et al., 2012, Ana et al., 2015, Thoms et al., 2010). 
Subsequently and due to reduced vertical nutrient availability, it is assumed that bacterial and 
fungal diversity declines with increasing soil depth (Jobbágy & Jackson, 2001, Goebes et al., 
2019). However, rhizodeposition rather affects microbes at deeper soil horizons (Certini et al., 
2004, Lopez et al., 2020). Hence, microbial communities and their activities differ from top- to 
subsoil (Blume et al., 2002, Loeppmann et al., 2016). Though microbial depth-dependence was 
recently reported (Feng et al., 2019, Du et al., 2017), frequently only the top 30 cm of soil is 
considered in ecological studies (Richter & Markewitz, 1995, Goebes et al., 2019, Yost & 
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Hartemink, 2020). While forest composition and soil depth are often consider independent forces, 
their interplay affects soil microbial communities, as for example, deciduous, evergreen and mixed 
forests are related to different humus forms (Ponge, 2003, Swift et al., 1979). Likewise, soil 
profiles differ between deciduous and evergreen forests, where the former is characterized by 
strong mixing of organic material with the mineral soil components, and the latter by a distinct 
boundary between the mineral and organic horizon (Adams et al., 2019), therefore these two 
factors should be considers in parallel.  
Although soil bacteria and fungi are affected by similar factors and are closely interconnected, 
they differ in structure, size, number, life history and enzymatic capacity (Deveau et al., 2018) . 
Accordingly, bacterial and fungal communities differ depending on forest composition and soil 
depth (Sun et al., 2017). In general, bacterial or fungal dominance depends on substrate 
degradation potential and nutrient availability (Rinnan & Bååth, 2009, Van Der Heijden et al., 
2008). Fungi rather dominate in soil systems with a high ratio of carbon to nitrogen (C:N), e.g., 
forests or no-till agriculture, while bacteria prefer systems with low C:N ratios, e.g. grasslands or 
conventional till agricultural soils (Moore et al., 2002). Consequently, different habitats promote 
specific microbial communities (Bardgett et al., 2014, Uroz et al., 2012), diverging in conditions 
and nutritional requirements, which leads to niche differentiation and selection of organisms with 
different lifestyle strategies (Deveau et al., 2018) . 
Recent studies focusing on microbial functions, i.e. considering different bacterial metabolic 
pathways and fungal guilds, considered only either the impact of forest composition or different 
soil depths. For instance, the use of predicted functional gene profiles based on 16S rRNA gene 
sequences facilitated the understanding the vertical distribution of functional microbial groups 
(Mushinski et al., 2018, Uroz et al., 2013, Zhang et al., 2019) in relation to nutrient use across soil 
profiles in different ecosystems  (Luan et al., 2020, Tripathi et al., 2019). Concerning fungal guilds, 
mycorrhizal fungal composition differed significantly in spruce compared to beech dominated 
plots, and spruce dominated plots had a higher abundance of saprotrophic relative to mycorrhizal 
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fungi (Nacke et al., 2016, Asplund et al., 2019). Likewise, analyzing fungal guilds in different soil 
layers indicated that competition for resources between saprotrophic and ectomycorrhizal (EcM) 
fungi led to restrictions of saprotrophic fungal dominance only in the topsoil in forests dominated 
by EcM trees (Carteron et al., 2020).  
Classic statistical analysis methods, such as generalized linear or mixed models, are able to 
differentiate microbial communities, but they are frequently overwhelmed by high dimensional, 
taxa-rich but zero-inflated, often also over-dispersed data with only a small number of samples 
(Li, 2015, Zhang & Yi, 2020). Machine learning algorithms provide a convenient alternative to 
analyze such complex microbial data (Qu et al., 2019, Zhou & Gallins, 2019). The random forest 
(RF) model has been reported to be one of the most effective machine learning methods to predict 
ecosystem states for terrestrial and aquatic data, particularly for 16S rRNA gene sequence 
profiles, and represents a tool to identify microbial indicators of particular ecological conditions 
(Thompson et al., 2019, Moitinho-Silva et al., 2017).  
Our study investigated how bacterial and fungal soil communities vary in relation to forest 
composition and soil depth, while deciphering the potential microbial functional roles and 
contribution to forest ecosystem processes. Within the project SoilForEUROPE we used forest 
plots  in Finland, Poland and Romania to explore the effect of three major forest compositions 
(deciduous, evergreen, and mixed forests) at three soil depths (0-10 cm, 10-20 cm, and 20- 
30 cm). We used Illumina amplicon sequencing of the bacterial 16S rRNA gene and the fungal 
ITS2 region to assess soil microbial communities retrieved from 44 plots. We employed RF 
models to estimate niche preferences of soil microbes, bacterial pathways and fungal guilds. 
Specifically, we aimed to identify soil microbial taxa associated to deciduous, evergreen forests 
or their mixtures vertically along soil profiles. We interpreted the results in the frame of bacterial 
and fungal niche preferences and lifestyle strategies to extend the current knowledge of forest 
soil ecosystems. We expected that forest composition and soil depth exert different effects in 
shaping soil bacterial and fungal assembling, and anticipated bacterial communities to rather 
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diverge along increasing depth, due to their use of easily available substrates. In contrast, we 
expected fungal communities to differ less according to soil depth due to their association to more 
complex organic substrates, close connection to tree roots, and their filamentous structure 
enabling them to explore the full soil profile. Therefore, we anticipated fungal soil communities to 
be rather shaped by forest composition. Likewise, we presumed that random forest model bring 
novel information revealing indicator taxa and potential functions in terms of bacterial pathways 
and fungal guilds, in relation to forest composition and soil depth. 
Material and methods 
Study sites 
The study sites were composed of different forest types located in different countries: boreal 
forests (Finland), hemi‐boreal forests (Poland), mountainous beech forests (Romania), all studied 
in the frame of the project SoilForEurope (http://websie.cefe.cnrs.fr/soilforeurope/). The plot 
design and sampling procedure have been previously described (Prada-Salcedo et al., 2021a). 
Our study used samples retrieved from 44 of 30 × 30 m mature forest plots, of the 
FunDivEUROPE platform (Baeten et al., 2013) . In spring 2017, soil was sampled at subplot level, 
considering five repetitions per plot using a split‐tube sampler (diameter 5.3 cm). In addition, three 
different soil depths (0-10 cm, 10-20 cm and 20-30 cm) were sampled from intact soil cores. Our 
plots contained monospecific and multispecies forest systems, representing either deciduous 
forests on eleven plots including the tree species Acer pseudoplatanus, Betula pendula, Carpinus 
betulus, Fagus sylvatica, and Quercus robur; evergreen forests also on eleven plots represented 
by trees of Abies alba, Picea abies, and Pinus sylvestris; and twenty-two mixed forests (plots with 
evergreen and deciduous composition) with eleven tree combinations considered (Table S1). 
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Molecular procedures and bioinformatics 
Soil samples for molecular analyses were transported at -4°C and stored at -20°C until 
processing. The molecular procedure was described previously (Prada-Salcedo et al., 2021b, 
Prada-Salcedo et al., 2021a). Briefly, total genomic DNA was extracted for each subplot and layer 
sample using the Power Soil™ DNA Isolation Kit (QIAGEN Laboratories Inc., Solana Beach, 
USA). After pooling DNA at the plot level, bacterial and fungal amplicon libraries were prepared 
by performing amplification of 16S rRNA gene V4 region (primers: P5_8N_515F and 
P5_7N_515F together with P7_2N_806R and P7_1N_806R) (Caporaso et al., 2011, Moll et al., 
2018)  and ITS2 (primers: P5-5 N-ITS4  and P5-6 N-ITS4 together with P7-3 N-fITS7 and P7-4 
N-fITS7) (Gardes & Bruns, 1993, Ihrmark et al., 2012, Leonhardt et al., 2019), respectively. We 
performed a paired-end sequencing of 2 × 300 bp, using the MiSeq Reagent kit v3 on an Illumina 
MiSeq platform at the Department Soil Ecology at the Helmholtz-Centre for Environmental 
Research – UFZ in Halle (Saale), Germany.  
Raw sequences were extracted based on their unique barcodes and then subsampled to 140,000 
reads to compare samples in equal conditions. We used the standardized workflow of the 
dadasnake pipeline ((Weißbecker et al., 2020); https://github.com/a-h-b/dadasnake), which is 
based on the DADA2 algorithm (Callahan et al., 2016). We used mostly default conditions, 
adjusting only the following parameters: minimum read length was set to 130 bp for forward and 
170 bp for reverse bacterial read sequences; and to 70 bp for fungal forward and reverse read 
sequences; maximum expected error after truncation was 0.5 for each bacterial and 3 for each 
fungal sequences, respectively. Forward and reverse sequence variants were merged, chimeric 
sequences were removed by the consensus method. The bacterial amplicon sequence variants 
(ASV) were classified against the bacterial sequences in the SILVA database (Quast et al., 2013)  
(release 138). The prediction of functional profiles based on the bacterial ASVs was done using 
the Tax4Fun2 default database and the group pathways output (Wemheuer et al., 2020) . Fungal 
112 
Chapter 4 
ASVs were checked and trimmed using ITSx (Bengtsson-Palme et al., 2013)  and taxonomy 
was assigned using the UNITE (2017 - Version 01.12.2017) database (Nilsson et al., 2019). 
Finally, we classified fungal guilds according to assigned ASV (amplicon sequence variant) 
taxonomy using FunGuild (Nguyen et al., 2016). 
Statistical methods 
Abundances, microbial diversity and microbial community composition 
From total of 6,358 bacterial ASVs and 4,635 fungal ASVs, we used the top ten percent of the 
most important bacterial (2,398) and fungal (648) ASVs ranking within the RF models (see next 
section). We evaluated the fungal and bacterial communities by using the R packages “phyloseq” 
(McMurdie & Holmes, 2013) and “vegan” (Oksanen et al., 2017) in R software (R 2017- version 
R-3.6.1). For evaluation of abundances and microbial diversity, sequencing data was rarefied at 
the cutoff of 25,000 reads per sample for bacteria, and 8,000 reads per sample for fungal 
communities, maintaining sample saturation and the balance between different soil depths (Fig. 
S3). To evaluate relationships between microbial diversity, forest composition, soil depth, and 
possible interactions, we performed linear mixed models (LMMs) using forest type (country) as 
random effect, since we consider this as the main source of variation with the glmmTMB package 
(Brooks et al., 2017). To see how forest composition and soil depth impacted microbial diversity, 
we applied analysis of variance (ANOVA) followed by Tukey-HSD post hoc test (Mendiburu, 
2010). Distances of microbial communities between different samples were calculated using 
“Bray-Curtis dissimilarity”, visualized by non-metric multidimensional scaling (NMDS) and 




Random forest model classifier for forest composition and soil depth 
Random forest classifiers (Breiman, 2001)  were trained on bacterial and fungal Hellinger-
transformed abundance tables (Legendre & Gallagher, 2001) which could predict different classes 
(referred to as “labels”) of forest composition and soil depths from various microbial features 
(phyla, families, genera and ASVs). In addition to the taxonomy levels, the Tax4Fun2-predicted 
functional profiles were used as features of specific bacterial pathways. Tax4Fun2 predicts gene 
abundances from 16S rRNA sequences and offers  gene groups from KEGG database that were 
translated into pathways at different levels, e.g. pathways ID level 1:ko00190, ko00195, ko00680, 
ko00710, ko00720, ko00910, ko00920; correspond to the level 2 pathways: oxidative 
phosphorylation, photosynthesis, methane metabolism, carbon fixation in photosynthetic 
organisms, nitrogen metabolism and sulfur metabolism. These pathways were associated to the 
functional pathway level 3: Energy metabolism (see Table S2 for all used pathways). For each 
feature-class pair, 100 random forests of 500 trees were trained using the default settings of the 
“randomForest” function implemented in the randomForest package (Liaw & Wiener, 2002), 
performed in the software R and using the 130 for bacteria and 131 samples for fungi. We kept 
the best random forest out of the 100 computed ones according to the out of bag (OOB) error. 
Furthermore, a group of 100 random forest classifiers were trained and tested by randomly 
created groups of 102 training samples and 30 testing samples for each feature-class pair. The 
test accuracy of each feature-class pair was averaged.  
We obtained feature importance measures, namely the mean decrease of the Gini index and the 
mean decrease in accuracy. The mean decrease of the Gini index gives an insight into how often 
a certain feature was successfully used to split the samples with respect to the used labels. 
Thereby, this importance measure is a proxy for association which can be understood as an 
ecological indicator. On the other hand, the mean decrease accuracy is obtained by permuting 
the value of feature and evaluating the effect (decrease in accuracy) of the permutation (for a 
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details please see (Breiman, 2001, Thompson et al., 2019) ). Neither importance measure 
necessarily indicates an ecological importance but signifies suitability as indicator for a condition. 
Results 
Bacterial and fungal abundances, diversity and community composition in relation to forest 
composition and soil depth 
To identify how forest composition and soil depth impact assemblage of soil bacterial and 
fungal communities, we evaluated relative abundances at higher taxonomic levels like phylum 
to gain a general overview. Thereby, forest composition appeared not to be a driver for bacterial 
taxonomical variations. Soil depth, in contrast, led to certain patterns.  Proteobacteria showed the 
greatest relative sequence abundances, which decreased with soil depth. Similar trends were 
found for Actinobacteriota, Bacteroidota and WPS-2. In contrast, Chloroflexi, Gemmatimonadota 
and Methylomirabilota increased in abundances with deeper soil layers. The relative abundances 
of Acidobacteriota, Verrucomicrobiota, Nitrospirota and Planctomycetota did not differ across soil 
depths (Fig. 1a). For fungi, the greatest relative abundances of reads were affiliated to 
Ascomycota and Basidiomycota, followed by Mortierellomycota, Mucoromycota, and unclassified 
fungi. Other fungal phyla were scarcely detected. For pure deciduous forest plots, we detected 
an increasing relative sequence abundance of Basidiomycota with soil depth, but decreasing 
relative sequence abundances of Ascomycota and Mortierellomycota. In mixed forests, the 
Mucoromycota increased in relative sequence abundance with soil depth. Furthermore, 
Ascomycota and Mortierellomycota showed higher relative sequence abundances in mixed  forest 
plots compared with deciduous and evergreens ones, particularly at 20-30 cm (Fig. 1b). 
In a second step, we analyzed microbial Shannon diversity and ASV richness in relation to forest 
composition and soil depth. Our results revealed general variation patterns of Shannon diversity 
in bacteria and fungi in relation to forest composition. The more evergreen trees were present, 
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the lower was the microbial diversity (bacterial estimate = -0.0024413, Z = -3.08, p = 0.00210; 
ANOVA, P = 0.002589; PseudoR2 = 0.52; fungal estimate = -0.0038891, Z = -2.319, 
P = 0.020378; ANOVA, P = 3.21e-05; PseudoR2 = 0.62; Fig 2a & b). Moreover, bacterial 
Shannon diversity and ASV richness were specially affected by soil depth, whereby the topsoil 
harbored the highest diversities and the Shannon diversity decreased with soil depth (Fig. 2a; 
Table S3). In the upper 20 cm, the bacterial evenness was increased (Table S3). Fungi also 
displayed the highest Shannon diversity, ASV richness and evenness in the topsoil, but the lower 
values were similar in the 10-20 cm and 20-30 cm soil layers (Fig. 2b; Table S3). 
The forest type, which varied according to the sampled countries, showed to be the greatest driver 
of microbial community composition (Table S4). Additionally, soil depth impacted bacterial 
communities more than forest composition (Fig 2c & d). Conversely, fungal communities were 
rather shaped by forest composition, which was verified by PERMANOVA performed individually 
for each forest type (Fig 2c & d; Table S4).  
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Fig. 1 Relative abundances of bacterial (a) and fungal (b) phyla in relation to forest composition and 
soil depth.    
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Fig. 2 Diversity and community composition associated to forest compositions and soil depth: a) 
Bacterial and b) fungal Shannon diversity in relation to evergreen proportions, lines represents linear 
model estimates and shaded areas represent 95% confidence; e) bacterial and f) fungal community 
composition depicted as NMDS scaling based on Bray–Curtis dissimilarity, different colors represent 
the strongest impacting variables according to PERMANOVA (for statistical details see tables S3 and 
S4). 
Microbial taxa closely associated to forest composition and soil depth 
We used the random forest modelling approach (RF) to determine microbial taxa and associated 
to forest composition and soil depth. Accordingly to our expectations, the RF model detected 
microbial indicators features, i.e. microbial taxa with a potential relationship to one or both 
considered variables. Throughout, the estimated prediction accuracy of our RF models improved 
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from broad to fine taxonomical levels, with ASVs being the best predicting feature for bacteria and 
fungi. At bacterial ASV level, the RF validation model reached an estimated accuracy of 75% and 
84% for forest composition and soil depth, respectively. The fungal ASV-based RF models 
delivered an estimated accuracy of 81% and 69% for forest composition and soil depth, 
respectively (Fig. S1).  
We identified the top ten bacterial and fungal genera associated to forest composition and soil 
depths by considering the individual mean importance of the RF model (Table 1 and 2). Results 
based on microbial phyla are presented in Figure S2, but these taxonomical level represent lower 
accuracy, therefore our main focus at genera level. Overall, the results suggest that most of the 
microbial genera indicative for soil depths differ from those associated to forest composition. For 
example, the bacterial genus Devosia was highly linked to soil depth, but not to forest composition 
(Table 1 and 2). Contrastingly, GOUTA6 was highly indicative for forest composition, but less 
relevant in terms of soil depth. However, the bacterial genera Puia and Caulobacter were 
comparably associated to forest composition and soil depth (Table 1 and 2).  
In relation to forest composition, deciduous, mixed and evergreen forests diverged in their 
associated bacterial communities. For example, the genus GOUTA6 was important for the 
classification of bacterial communities in deciduous and evergreen forests. Sediminibacterium 
was highly associated to deciduous and mixed forests, while Inquilinus was linked to evergreen 
forests (Table 1). Overall, at the phylum level Desulfobacterota and Nitrospirota showed high RF-
importance, i.e. strong associations to forest composition (Figure S2). Considering the RF-
importance for the genera associated to soil depth, for some bacteria importance decreased with 
depth, e.g. Devosia or Granulicella, whereas other bacterial genera were more indicative of a 
particular depth such as Chthoniobacter and Acidipila for 0-10 cm, Cytophaga and Conexibacter 
for 10-20 cm, and 1921-3 and Rhodoplanes for 20-30 cm (Table 2). In addition, the bacteria phyla 
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with the highest RF-importance linked to soil depths were Chloroflexi, Bacteroidota and 
Proteobacteria (Figure S2). 
Fungal genera linked to forest composition and soil depths were Meliniomyces, Cladophialophora 
and Hygrophorus, besides unclassified taxa according to the calculated RF-importance (Table 1 
and 2). Fungi associated to forest composition were Trichophae with the highest RF-importance 
in deciduous and mixed forest, and Sistotrema, Inocybe and Solicoccozyma with importance in 
mixed and evergreen forests (Table 2). The fungal genera linked to soil depth appeared to be 
rather related to the upper-most or lowest considered depths, e.g. Cortinarius and in particular 
Tomentella showed a high RF-importance in 0-10 cm and 20-30 cm. In contrast, Mycena was 
highly associated to the first 20 cm, while Ilyonectria appeared to be more linked from 20 to 30 cm 




Table 1. Top 10 bacterial and fungal genera associated to forest composition base on our RF 
model. Genus order is based on the mean decrease in accuracy estimator by each soil depth.  










GOUTA6 4.796 Sediminibacterium 3.969 Inquilinus 4.147 
Sediminibacterium 4.288 Mycobacterium 3.707 Longimycelium 3.579 
Rhodomicrobium 3.975 Stenotrophobacter 3.544 Acidocella 3.252 
Xylophilus 3.268 Microlunatus 3.175 Actinomadura 3.043 
Geobacter 3.209 Cohnella 3.135 OLB12 2.926 
Unclassified 3.191 mle1-7 3.003 Micropepsis 2.668 
Candidatus 
Xiphinematobacter 




Jatrophihabitans 3.107 Caulobacter 2.627 JGI_0001001-H03 2.569 
Pedosphaera 2.791 Aquisphaera 2.614 GOUTA6 2.565 
Pseudolabrys 2.66 Anaeromyxobacter 2.499 Alicyclobacillus 2.467 
FUNGI 
Trichophaea 7.339 Trichophaea 7.41 Solicoccozyma 6.998 




4.778 Apiotrichum 4.67 




Apodus 4.226 Trichocladium 4.199 Inocybe 3.682 
Cephalotheca 3.542 Solicoccozyma 3.947 Mortierella 3.627 
Tylospora 3.478 Inocybe 3.722 Oidiodendron 3.546 
Wilcoxina 3.428 Sebacina 3.716 Xerocomellus 3.336 






2.982 Sistotrema 3.199 
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Table 2. Top 10 bacterial and fungal genera associated to soil depth base on our RF model. 
Genus order is based on the MeanDecreaseAccuracy estimator by each soil depth.  











Devosia 7.661 Devosia 6.831 1921-3 6.796 
Ferruginibacter 7.452 Cytophaga 4.969 Rhodoplanes 5.394 
Chthoniobacter 7.358 Ferruginibacter 4.841 Caulobacter 5.02 
Granulicella 7.342 Pandoraea 4.736 Devosia 4.776 
Puia 5.778 Conexibacter 3.789 Mucilaginibacter 4.687 
Pandoraea 5.774 Granulicella 3.604 HSB OF53-F07 4.383 
Acidipila 5.7 Luteibacter 3.452 Paenibacillus 4.148 
Occallatibacter 5.596 Nakamurella 3.338 Occallatibacter 4.004 
Phenylobacterium 5.399 Nocardioides 3.276 Edaphobacter 3.92 
Pajaroellobacter 5.386 Unclassified 2.964 Granulicella 3.850 
FUNGI 











3.878 Neobulgaria 6.753 






6.176 Mycena 3.265 Elaphomyces 4.644 
Cladophialophora 6.041 Cladosporium 3.107 Exophiala 4.38 
Unclassified 5.625 Ascobolus 2.963 Ilyonectria 4.322 
Chloridium 5.393 Metarhizium 2.858 Cortinarius 4.103 
Unclassified 
Venturiaceae 
5.352 Unclassified 2.792 Hygrophorus 4.077 




Bacterial pathways and fungal guilds highly associated to forest composition and soil depth 
To understand how microbial functional potential is shaped by forest composition and soil depth, 
we performed RF models using predicted bacterial metabolic pathways and fungal guilds. 
Contrary to our expectations the RF-validation estimated accuracy at these functional levels were 
lower than the ASV taxonomy level. The bacterial pathways displayed an estimated accuracy of 
57% and 62% for forest compositions and soil depth, respectively. Concerning fungal guilds RF 
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reached an estimated accuracy of 58% and 51% for forest composition and soil depth, 
respectively (Fig. S1). 
The RF-importance for the predicted bacterial pathways differed between forest composition and 
soil depth (Fig. 3a & c), i.e. different bacterial pathways were indicators for communities 
associated with either variable. Overall, the most important pathways discerning forest 
composition were linked to energy and lipid metabolisms. Pathways linked to energy metabolism, 
e.g. oxidative phosphorylation, carbon fixation, methane, and sulfur metabolism were more 
associated to deciduous forests (Fig. 3a). However, the mixed forests showed the greatest link to 
particular pathways of microbial photosynthesis and nitrogen metabolism. Pathways related to 
biofilm formation, in contrast, were found for evergreen forests (these pathways are in the group 
of cellular community prokaryotes). Pathways for biosynthesis of secondary metabolites had the 
highest RF-importance in mixed forests (Fig. 3a). The most important pathways associated to soil 
depths were linked to biodegradation of xenobiotic compounds and carbohydrate metabolism. 
The majority of predicted pathways were specific to the first 10 cm of soil. Generally, the RF-
importance for the bacterial pathways decreased with soil depth. However, pathways related to 
biosynthesis of secondary metabolites, quorum sensing and biofilm formation were indicative for 
20-30 cm (Fig. 3c). 
Concerning fungi, once more, RF-importance for the predicted fungal guilds differed between 
forest composition and soil depth (Fig. 3b & d). Saprotrophs and fungi with changing lifestyles, 
i.e. multi-lifestyle guild, were predominately linked to deciduous forests. All other fungal guilds 
were associate to both forest compositions and mixtures. Though mycorrhizal fungi were 
associated similarly to both forest compositions, most of the symbiotic taxa were rather related to 
evergreen forests (Fig. 3b). Mycorrhizal fungi had also a strong link to soil depth. While most of 
the fungal guilds were rather linked to the first 10 cm, mycorrhizal fungi related also to deeper 
depths (Fig. 3d).  
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Fig. 3 Importance of bacterial pathways and fungal guilds with random forest classifiers associate to 
samples of soil depth and forest composition, for pathways (a & c) and guilds (b & d). Each panel 
contains, the mean decrease in Gini index (left bars with black bars) and mean decrease in accuracy 
(right bars with grey scales bars). 
Discussion 
General bacterial and fungal niche preferences 
Our study aimed to investigate bacterial and fungal diversity in relation to forest composition in 
terms of proportion of evergreen and deciduous trees and soil depth. Overall, our results showed 
that an increasing proportion of evergreen trees negatively affected microbial Shannon diversity, 
which also decreased along soil depth, in accordance with previous studies (Jobbágy & Jackson, 
2001, Goebes et al., 2019). As also expected and already reported, bacterial communities were 
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shaped by soil depth physicochemical variables, while fungal assemblies were rather shaped by 
forest composition (Osburn et al., 2019). The strong link between soil fungi, above- and 
belowground litter, but also root exudates might be responsible for these patterns (Eisenhauer et 
al., 2017). The vertical gradient from copiotrophic conditions in the topsoil, i.e. rich in organic 
compounds, to oligotrophic conditions, i.e. simple minerals, with increasing depth conditions 
(Goebes et al., 2019, Jobbágy & Jackson, 2001) was apparently a stronger driver for bacterial 
communities than forest composition. The bacterial presence in oligotrophic environments, is 
associated with the bacterial capability to release key nutrients, such as phosphorus and 
potassium solubilized from primary minerals (Uroz et al., 2012, Uroz et al., 2009, Prada-Salcedo 
et al., 2014). In contrast, the higher association of fungi to forest compositions is perhaps due to 
their decomposer capabilities of complex organic substrates and wider enzymatic potential than 
bacteria, which allow them to mineralize especially recalcitrant-compounds from plant and fungal 
necromass (Fabian et al., 2017, Algora Gallardo et al., 2021). However, most probably the 
situation for soil microbes is more complex, with combined influences of environmental, 
physicochemical and plant community variables shaping microbial diversity and community 
composition. 
Random forest as approach to study microbial communities in forest ecosystem 
Although the RF model and some of the reported links might represent artifacts due to the high 
inter- taxon correlation (Cutler et al., 2007, Qi, 2012, Jia & Whalen, 2020), the results using fine 
taxonomical ranks, such as genera or ASV reflect an increase in the accuracy of this approach. 
The RF approach expose less common patterns of microbial communities, for examples RF act 
as an indicator species for a particular label. Thus, we could show the need to study microbial 
abundances with different methods to reveal the role of less abundant or unknown microbes, that 
also participate in biogeochemical cycles (Jousset et al., 2017). Functional predictions either from 
125 
Chapter 4 
bacterial pathways or fungal guilds do not offer high levels of accuracy compared to the 
taxonomical output. The lack of high accuracy values by using functional characters as RF-
features could be explained by the high functional redundancy in soils (Louca et al., 2018). 
Moreover, the model accuracy is probably affected especially at broad functional levels, such as 
bacterial pathways and fungal guilds because these can be potentially performed by a wide range 
of extant taxa that cover “basic” functions (e.g., respiration and nitrogen and phosphorus 
cycling)(Jia & Whalen, 2020). Therefore this study focused on the most reliable and relevant 
bacterial pathways and fungal guilds offered by the best predictors of the RF mean decrease Gini 
indicator and the results are a preliminary assessments representing a possible functional 
indication (Roguet et al., 2018). 
Differences in taxonomic profiles and community structure according to forest composition and 
soil depth 
We studied the top indicator taxa to evaluate if a particular condition of the forest composition or 
soils depth induces niche preferences and consequently favor lifestyle strategies. We found 
bacterial genera such as Sediminibacterium, Rhodomicrobium and Jatrophihabitans that were 
indicator taxa within deciduous forests with microbial traits common to r-strategists, i.e. higher 
performances in resource-rich environments (Qu & Yuan, 2008, Duchow & Douglas, 1949, Kim 
et al., 2015, Papp et al., 2020). These taxa are involved in the fast turnover of litter and 
consequently fast degradation of cellulose and hemicellulose compounds (Adams et al., 2019, 
Vesterdal et al., 2008). In contrast, linked to evergreen plots, we found indicators bacterial genera 
like Inquilinus, Acidocella, or Alicyclobacillus that could be adapted to typically acid soils (Jung et 
al., 2011, Okamoto et al., 2017), or Longimycelium and Actinomadura (Xia et al., 2013, Zakharova 
et al., 2003), characterized by slow growth and efficient use of recalcitrant carbon resources and 
secondary metabolite production, which are traits rather associated to K-strategists and 
environments where resource supply rates are lower (Ho et al., 2017). Concerning fungi, 
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interestingly, our RF revealed that free-living unicellular fungi were indicators of evergreen forest 
plots. Yeast like Solicoccozyma, Apiotrichum and unclassified Saccharomycetales are commonly 
isolated from forest soils (Liu et al., 2015, Yurkov et al., 2015, James et al., 2016, Mašínová et 
al., 2016). However, our results showed their clear niche preference for evergreen forest. 
According to Birkhofer et al. (2012)  and Yarwood et al. (2010), these yeasts are able to tolerate 
low pH-values, sandy and drained soils, which are common in evergreen forests (Retallack, 2005, 
Adams et al., 2019). 
By linking the bacterial phyla Bacteroidota and Proteobacteria with the first soil centimeters, our 
results correspond to other studies (Feng et al., 2019). This is likely due to their copiotrophic 
properties and associations to aerobic niches, with genera such as Devosia, Ferruginibacter, and 
Granulicella (Nakagawa et al., 1996, Lim et al., 2009, Pankratov & Dedysh, 2010). Moreover, our 
results also indicate that rare taxa, e.g. the 1921-3 uncultured genus (from Chloroflexi) can be a 
proper indicator taxon, since it had the highest RF-importance for 20-30 cm. In this line, Costello 
and Schmidt (2006)  proposed that uncultivated Chloroflexi have their niche optimum near 0°C, 
under anoxic conditions to utilize geochemical inputs such as sulfide from upslope weathering. 
Moreover, we revealed that certain taxa are able to perform under a broad range of conditions, 
whereby we suggest that typically niche preferences are defined at finer taxonomic levels, i.e. 
species. Tomentella, for example, displays a high affinity  to the RF for 0-10cm and for 20-30cm, 
moreover from this genus the species T. bryophila and T. subclavigera that belong to the short-
distance EcM exploration types, and T. atroarenicolor a medium-distance EcM explorer (Jakucs 
et al., 2005, Tedersoo et al., 2008, Agerer, 2006). These different species differ in tree host 
preferences and use diverse strategies to colonize niches and explore various soil resources 
(Jakucs et al., 2005, Tedersoo et al., 2008, Agerer, 2006). Such divergent exploration strategies 
could explain the overall importance of a genus for all soil depths, as some species are associated 
to top- and others to subsoils. In general, there were less bacterial and fungal taxa of importance 
for 10-20 cm compared to the 0-10cm, and 20-30cm, which is probably related to the changing 
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conditions at this superficial soil compartment , with more microaerophilic and mixing of 
copiotrophic/oligotrophic conditions (Neira Román et al., 2015, Fierer et al., 2003, Moll et al., 
2015) acting as filters for soil microbes, and making it harder to find a clear microbial-niche 
association or clear indicator taxa. Accordingly, the intermediate depth (10-20 cm) could be seen 
as a transition zone for soil microbial communities (Eilers et al., 2012, Feng et al., 2019) 
Potential bacterial predicted pathways and fungal guilds 
Notwithstanding the discussed challenges of using functional traits as features with the RF model, 
within the most reliable pathways, the RF results indicate a high link of energy-related 
metabolisms with deciduous forests, which may suggest a more dynamic environment, hence fast 
turnover rates (Adams et al., 2019). In contrast, evergreen forests revealed a higher importance 
of biofilm formation and quorum sensing pathways that hint towards soils with slower turnover 
and high stability and accumulation of soil organic matter (Adams et al., 2019, Augusto et al., 
2015). The microbial communities within evergreen forest soils face environmental challenges 
like desiccation and low temperatures, for which bacterial biofilm formation and quorum sensing 
can be a beneficial strategy to resist harsh conditions (Wu et al., 2019, Pandit et al., 2020, Lennon 
& Lehmkuhl, 2016). In spite of the overall importance of energy metabolism in deciduous forests, 
the mixed forests showed the strongest associations, particularly for the pathways of 
photosynthesis and nitrogen metabolism, suggesting that this forest type might enhance positive 
microbial processes linked to deciduous trees. By using the same soil samples as this study, 
Gillespie et al. (2020)  experimentally tested microbial responses to drought. Thereby, they found 
microbial respiration and denitrification to decrease less in soils from mixed compared to 
monospecific forests. Likewise, soil microbial stress levels were lower in mixed than monospecific 
forests. This enhancement in mixtures could be attributed to a higher number of microbial 
interactions, which carry more positive plant-microbial feedbacks (Prada-Salcedo et al., 2021b). 
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Our study and Gillespie’s work consistently indicated the advantages of tree mixtures in European 
forest by using two different approaches. In addition, our results revealed that mixed forests have 
a greater relation with xenobiotic pathways compared to evergreen or deciduous forests, 
suggesting that mixed forests could take up xenobiotics at different rates and through different 
paths (Desai et al., 2019, Janssen et al., 2005). Similarly, the high RF-importance of biosynthesis 
of secondary metabolism pathways in top soil of mixed forests from could be attributed to the 
rather heterogeneous microenvironments with greater opportunities for interactions and 
competition (Sharrar et al., 2020). These results reflect the enhanced capacity of forest tree 
mixtures to resist to possible environmental disturbance. 
The found trophic partitioning, especially regarding saprotrophic and root‐associated fungi, has 
been noticed before (Bödeker et al., 2016, Peršoh et al., 2018). Additionally, fungal taxa with 
undefined guild were associated to 10-20 cm, supposedly combining different lifestyles like 
biotrophic, necrotrophic, and saprotrophic, because, as mentioned before, this soil depth 
represents a patchy transition zone, where nutritional dependencies are limited (Lewis, 1973, 
Suzuki & Sasaki, 2019). Within the subsoil, many symbiotrophs, mainly mycorrhizal fungi were 
found. Fungi of this guild get photo-assimilated carbon in exchange for suppling poorly-soluble 
minerals through organic acid secretion (Thorley et al., 2015). Fungal saprotrophs were 
predominately linked to deciduous forests. In accordance, Chen et al. (2019)  evaluated fungal 
differences between subtropical evergreen and deciduous forests, and found higher abundances 
of saprophytic fungi in deciduous forests, deducing that these forests mainly harbor fast-growing 
copiotrophic fungi. Hence, our results indicate that soils in deciduous forests are enriched by 
fungal r-strategists, often represented by saprotrophs. Figure 4 tentatively summarizes how 
potential bacterial predicted pathways and fungal guilds may be linked in temperate forests 
according to our study results. 
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Fig. 4 Indicated bacterial pathways and fungal guilds linked to forest composition and soil depth. The 
amount of graphical elements representing bacterial pathways and fungal guilds is scaled to the RF-
importance base on the mean decrease in accuracy for the respective label.  
Conclusions 
Our analyses provide a comprehensive understanding of indicator bacteria and fungi related to 
forest composition in term of evergreen and deciduous trees, and soil depth. We demonstrate 
that bacterial communities are primarily associate to soil depth, whereas fungal communities are 
rather influenced by tree compositions. RF classifier showed higher accuracy to predict 
taxonomical levels compared to less accuracy predictions for bacterial metabolic pathways and 
fungal guilds. We revealed a diversity of bacteria and fungi differentially linked to the forest 
composition and soil depth, whereby taxa even within the same genus showed different resources 
preferences. The intermediate soil depth is less predictable compare to top - subsoil and should 
be understood as microbial transition zone. Finally, we emphasize the potential positive impact of 
mixed forests, supporting multiple microbial paths, that can provide resistance against 
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Table S1. Study samples and general location parameters. Each of the plots include the three soil depths 0-10 cm, 10-20 cm and 20-






















Finland monocultures FIN07 0 62.67 29.58 120 2.3 625 podzol Betula pendula
FIN11 0 62.70 29.77 124 2.2 623 podzol Betula pendula
Poland POL02 100 52.86 23.88 157 6.9 585 Luvisols Carpinus betulus
POL12 100 52.87 23.61 160 6.8 583 Luvisols Carpinus betulus
mixtures POL13 0 52.90 23.65 160 6.9 578 Luvisols Betula pendula, Carpinus betulus, Quercus 
robur
monocultures POL20 0 52.71 23.62 173 7 576 Luvisols Quercus robur
mixtures POL36 0 52.90 23.64 160 6.9 578 Luvisols Betula pendula, Carpinus betulus, Quercus 
robur
Romania monocultures ROM13 0 47.29 26.04 812 5.7 681 Eutric 
cambisol
Fagus sylvatica
ROM15 0 47.29 26.04 930 5.2 709 Eutric 
cambisol
Acer pseudoplatanus
ROM16 0 47.29 26.04 972 5.2 709 Eutric 
cambisol
Acer pseudoplatanus










Finland monocultures FIN10 100 62.70 29.74 134 2.1 624 podzol Picea abies
FIN16 100 62.61 30.34 143 1.8 634 podzol Pinus sylvestris
FIN21 100 62.41 30.22 135 2 637 podzol Pinus sylvestris
FIN23 100 62.36 30.21 122 2.1 634 podzol Picea abies
Poland POL03 100 52.76 23.69 163 6.9 580 cambisol Picea abies
POL21 100 52.72 23.58 170 6.9 577 cambisol Pinus sylvestris
POL40 100 52.78 23.62 175 6.9 580 cambisol Pinus sylvestris
Romania ROM01 100 47.30 26.05 838 5.8 675 Eutric 
cambisol
Picea abies
ROM02 100 47.31 26.05 865 5.8 675 Eutric 
cambisol
Picea abies
ROM07 100 47.31 26.04 1062 5.2 709 Eutric 
cambisol
Abies alba








Finland mixtures FIN12 67 63.02 29.79 233 1.4 639 podzol Betula pendula, Picea abies, Pinus sylvestris
FIN25 67 62.33 30.37 136 2.1 635 podzol Betula pendula, Picea abies, Pinus sylvestris
FIN26 67 62.33 30.32 108 2.1 636 podzol Betula pendula, Picea abies, Pinus sylvestris
Poland POL04 33 52.76 23.66 171 6.8 582 cambisol Betula pendula, Picea abies, Quercus robur
POL06 33 52.82 23.73 190 6.8 585 Luvisols Betula pendula, Carpinus betulus, Picea 
abies
















POL18 33 52.77 23.75 160 6.9 581 cambisol Carpinus betulus, Pinus sylvestris, Quercus 
robur
POL22 67 52.74 23.78 160 6.9 581 Luvisols Picea abies, Pinus sylvestris, Quercus robur
POL23 67 52.69 23.67 170 6.9 582 cambisol Carpinus betulus, Picea abies, Pinus 
sylvestris
POL24 33 52.77 23.75 170 6.9 581 cambisol Carpinus betulus, Pinus sylvestris, Quercus 
robur
POL29 33 52.88 23.63 155 6.8 582 Luvisols Carpinus betulus, Pinus sylvestris, Quercus 
robur
POL30 67 52.89 23.60 140 6.9 576 cambisol Betula pendula, Picea abies, Pinus sylvestris
POL33 33 52.68 23.71 184 6.9 582 Luvisols Betula pendula, Carpinus betulus, Pinus 
sylvestris
POL38 33 52.65 23.62 165 7 573 cambisol Betula pendula, Carpinus betulus, Pinus 
sylvestris
POL43 67 52.71 23.62 186 7 570 Luvisols Picea abies, Pinus sylvestris, Quercus robur
Romania ROM03 33 47.31 26.05 869 5.8 675 Eutric 
cambisol
Abies alba, Acer pseudoplatanus, Fagus 
sylvatica
ROM10 67 47.30 26.03 968 5.4 701 Eutric 
cambisol
Abies alba, Acer pseudoplatanus, Picea abies
ROM11 67 47.30 26.04 805 5.8 678 Eutric 
cambisol
Abies alba, Fagus sylvatica, Picea abies
ROM18 67 47.28 26.05 1012 4.6 742 Eutric 
cambisol
Abies alba, Fagus sylvatica, Picea abies
ROM20 33 47.29 26.05 869 5.7 681 Eutric 
cambisol
Abies alba, Acer pseudoplatanus, Fagus 
sylvatica
ROM22 67 47.29 26.06 843 6.2 655 Eutric 
cambisol
Abies alba, Fagus sylvatica, Picea abies
ROM25 33 47.28 26.05 1030 4.6 742 Eutric 
cambisol
Abies alba, Acer pseudoplatanus, Fagus 
sylvatica
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Table S2. Specific pathways used as features for the random forest model to estimate functionality from 16S rRNA bacterial 
communities under forest composition and soil depths. There are 103 Kegg pathways associate to 9 functional groups 
Pathway 
ID 
General Pathway Functional 
Pathway 
Group 
Pathway ID General Pathway Functional 
Pathway 
Group 











































KO00250 Alanine, aspartate and glutamate metabolism ko02025 Biofilm formation - Pseudomonas 
aeruginosa 
KO00260 Glycine, serine and threonine metabolism ko02026 Biofilm formation - Escherichia coli 
KO00270 Cysteine and methionine metabolism ko05111 Biofilm formation - Vibrio cholerae 















KO00290 Valine, leucine and isoleucine biosynthesis ko00195 Photosynthesis 
KO00300 Lysine biosynthesis ko00680 Methane metabolism 
KO00310 Lysine degradation ko00710 Carbon fixation in photosynthetic 
organisms 
KO00330 Arginine and proline metabolism ko00720 Carbon fixation pathways in 
prokaryotes 
KO00340 Histidine metabolism ko00910 Nitrogen metabolism 
KO00350 Tyrosine metabolism ko00920 Sulfur metabolism 





















KO00380 Tryptophan metabolism ko04714 Thermogenesis 
KO00400 Phenylalanine, tyrosine and tryptophan 
biosynthesis 












































 ko00062 Fatty acid elongation 
KO00261 Monobactam biosynthesis ko00071 Fatty acid degradation 
KO00311 Penicillin and cephalosporin biosynthesis ko00072 Synthesis and degradation of ketone 
bodies 
KO00331 Clavulanic acid biosynthesis ko00100 Steroid biosynthesis 
KO00332 Carbapenem biosynthesis ko00120 Primary bile acid biosynthesis 
KO00333 Prodigiosin biosynthesis ko00121 Secondary bile acid biosynthesis 
KO00401 Novobiocin biosynthesis ko00140 Steroid hormone biosynthesis 






General Pathway Functional 
Pathway 
Group 
Pathway ID General Pathway Functional 
Pathway 
Group 
KO00405 Phenazine biosynthesis ko00564 Glycerophospholipid metabolism 
KO00521 Streptomycin biosynthesis ko00565 Ether lipid metabolism 
KO00524 Neomycin, kanamycin and gentamicin 
biosynthesis 
ko00590 Arachidonic acid metabolism 
KO00525 Acarbose and validamycin biosynthesis ko00591 Linoleic acid metabolism 
KO00901 Indole alkaloid biosynthesis ko00592 alpha-Linolenic acid metabolism 
KO00940 Phenylpropanoid biosynthesis ko00600 Sphingolipid metabolism 
KO00941 Flavonoid biosynthesis ko01040 Biosynthesis of unsaturated fatty acids 


































KO00944 Flavone and flavonol biosynthesis ko00362 Benzoate degradation 
KO00945 Stilbenoid, diarylheptanoid and gingerol 
biosynthesis 
ko00363 Bisphenol degradation 
KO00950 Isoquinoline alkaloid biosynthesis ko00364 Fluorobenzoate degradation 
KO00960 Tropane, piperidine and pyridine alkaloid 
biosynthesis 
ko00365 Furfural degradation 
KO00965 Betalain biosynthesis ko00621 Dioxin degradation 
KO00966 Glucosinolate biosynthesis ko00622 Xylene degradation 



















ko00623 Toluene degradation 
KO00020 Citrate cycle (TCA cycle) ko00624 Polycyclic aromatic hydrocarbon 
degradation 
KO00030 Pentose phosphate pathway ko00625 Chloroalkane and chloroalkene 
degradation 
KO00040 Pentose and glucuronate interconversions ko00626 Naphthalene degradation 
KO00051 Fructose and mannose metabolism ko00627 Aminobenzoate degradation 
KO00052 Galactose metabolism ko00633 Nitrotoluene degradation 
KO00053 Ascorbate and aldarate metabolism ko00642 Ethylbenzene degradation 
KO00500 Starch and sucrose metabolism ko00643 Styrene degradation 
KO00520 Amino sugar and nucleotide sugar metabolism ko00791 Atrazine degradation 
KO00562 Inositol phosphate metabolism ko00930 Caprolactam degradation 
KO00620 Pyruvate metabolism ko00980 Metabolism of xenobiotics by 
cytochrome P450 
KO00630 Glyoxylate and dicarboxylate metabolism ko00982 Drug metabolism - cytochrome P450 





General Pathway Functional 
Pathway 
Group 
Pathway ID General Pathway Functional 
Pathway 
Group 
KO00650 Butanoate metabolism ko00984 Steroid degradation 
KO00660 C5-Branched dibasic acid metabolism 











KO02040 Flagellar assembly 
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Table S3. Shannon diversity, observed richness and evenness across forest compositions on and soil depths and according to ANOVA 
(p > 0.05) and Tukey HSD post hoc test. Analysis were made by overall (a & d) and between forest composition (b & e) and soil depths 
(c & f) for bacteria and fungi, respectively. Same letter represent no statistical differences  
Bacteria: a
OVERALL 
Shannon Observed Evenness 
10 CM 5.56a 454.22a 0.91a 
20 CM 5.42b 404.55b 0.90a 
30 CM 5.25c 363.46c 0.89b 
DECIDUOUS 5.48a 439.53a 0.90a 
MIXTURES 5.44a 403.20ab 0.90ab 
EVERGREEN 5.29b 385.38b 0.89b 
b 
DECIDUOUS MIXTURES EVERGREEN 
Shannon Observed Evenness Shannon Observed Evenness Shannon Observed Evenness 
10 CM 5.71a 508.66a 0.91a 5.57a 445.00a 0.91a 5.41a 424.60a 0.89a 
20 CM 5.52ab 443.11ab 0.90a 5.42b 394.95b 0.90ab 5.34ab 390.90ab 0.89a 
30 CM 5.24b 374.10c 0.88a 5.33b 369.85b 0.90b 5.12b 340.10b 0.88a 
c 
10 CM 20 CM 30 CM 
Shannon Observed Evenness Shannon Observed Evenness Shannon Observed Evenness 
DECIDUOUS 5.71a 508.66a 0.91a 5.52a 443.11a 0.90a 5.21a 373.75a 0.90a 
MIXTURES 5.57a 445.00b 0.91a 5.42a 394.90a 0.90a 5.32a 369.85a 0.88a 






Shannon Observed Evenness 
10 CM 3.40a 75.62a 0.78a 
20 CM 2.81b 55.36b 0.70b 
30 CM 2.67b 52.17b 0.67b 
MIXTURES 3.10a 65.18a 0.74a 
DECIDUOUS 3.96ab 61.10ab 0.72ab 
EVERGREEN 2.68b 52.86b 0.68a 
e 
DECIDUOUS MIXTURES EVERGREEN 
Shannon Observed Evenness Shannon Observed Evenness Shannon Observed Evenness 
10 CM 3.52a 80.44a 0.80a 3.49a 79.57a 0.80a 3.08a 63.00a 0.74a 
20 CM 2.87b 55.00b 0.71ab 2.88b 58.80b 0.70b 2.59ab 48.90a 0.67ab 
30 CM 2.54b 50.40b 0.65b 2.88b 56.00b 0.71b 2.38b 46.70a 0.63b 
f 
10 CM 20 CM 30 CM 
Shannon Observed Evenness Shannon Observed Evenness Shannon Observed Evenness 
MIXTURES 3.49a 79.57a 0.80a 2.88a 59.80a 0.70a 2.88a 56.00a 0.71a 
DECIDUOUS 3.52a 80.44a 0.80a 2.87a 55.00a 0.71a 2.54a 50.40a 0.65a 
EVERGREEN 3.08ab 63.00b 0.74a 2.59a 48.90a 0.67a 2.38a 46.70a 0.63a 
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Table S4. Results of PERMANOVA between forest composition and soil depths for bacteria and fungi. Significance codes: 0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
Bacteria: 
a 
VARIABLE OVERALL FINLAND POLAND ROMANIA 
F.Model R2 Pr(>F) F.Model R2 Pr(>F) F.Model R2 Pr(>F) F.Model R2 Pr(>F) 
DEPTH 10.7 0.11 0.001 *** 2.94 0.18 0.001 *** 6.07 0.16 0.001 *** 1.93 0.08 0.001 *** 
FOREST 
COMPOSITION 
3.11 0.03 0.001 *** 2.49 0.15 0.001 *** 2.31 0.06 0.001 *** 1.65 0.07 0.006 ** 
FOREST TYPE  19.68 0.2 0.001 *** 
RESIDUALS  0.65 0.65 0.76 0.84 
b 
Fungi: 
VARIABLE OVERALL FINLAND POLAND ROMANIA 
F.Model R2 Pr(>F) F.Model R2 Pr(>F) F.Model R2 Pr(>F) F.Model R2 Pr(>F) 
DEPTH 3.87 0.04 0.001 *** 1.07 0.07 0.276 1.32 0.04 0.003 **  0.59 0.02 0.992 
FOREST 
COMPOSITION 
3.77 0.04 0.001 *** 2.15 0.15 0.001 *** 2.06 0.06 0.001 *** 1.79 0.08 0.001 *** 
FOREST TYPE 11.94 0.14 0.001 *** 
RESIDUALS  0.76 0.77 0.89 0.89 
Chapter 4 
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Figure S1. Estimated accuracy of random forest model for bacteria (a) and fungi (b). Bars 





Figure S2. Importance of phyla for random forest classifiers for sampling depth and forest 
composition, for bacteria (a & c) and fungi (b & d). Each panel contains the mean decrease in 




Figure S3. Rarefaction curves of bacterial (a) and fungal (b) of 132 soil samples. Soil samples 
from the three forest types represent 16,358 bacterial ASVs and 4,635 fungal ASVs. 
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CHAPTER 5 – SYNOPSIS 
This thesis realized in the framework of the ERA-Net project SoilForEUROPE represents a 
contribution to elucidate relationships between forest tree diversity and the structural and 
functional diversities of soil bacteria and fungi. Therefore, we investigated 64 forest plots of 
FunDivEUROPE, the precursor ERA-Net project of SoilForEUROPE. These plots are spread from 
Finland to Italy over Poland and Rumania, and present different levels of tree species richness in 
variable soil and climatic contexts. The investigated plots are also characterized by different forest 
compositions, comprising deciduous, evergreen and mixtures. The soil microbial communities 
were investigated using a meta-barcoding approach targeting the 16S rDNA and ITS regions via 
Illumina MiSeq sequencing to cover the bacteria and fungi, respectively. The generated microbial 
OTUs were analyzed at the taxonomic and functional levels, using adequate databases. Relying 
on the wealth of metadata generated by the two ERA-Net projects, we followed a trait-based 
approach applied to both, the forest trees and the microorganisms. This approach was chosen to 
unravel the ecological strategies behind the observed interrelationship patterns between trees 
and soil micro-organisms in forest ecosystems, and in particular to consider the impact of both 
the above- and belowground plant parts of the trees in shaping microbial communities across 
heterogeneous types of ecosystems.  
The trait based approach is rapidly increasing in popularity in ecological studies because it 
provides a basic mechanistic understanding of the biological factors driving ecological patterns 
and offers science-based practical applications e.g. for restoration efforts (Carlucci et al., 2020). 
The primary use of IIlumina amplicon-sequencing to gain quantitative and taxonomical information 
on microbial communities integrated with project datasets from FunDivEUROPE, 
SoilForEUROPE as well as information from public databases, such as FunGuild and Tax4Fun2, 
was ideally suited to implement this trait based approach in the field of microbial ecology. The 
three main chapters of this thesis entrust all these sources of information. Chapter 2 revealed 
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relationships between tree traits and fungal communities taking into account our own as well as 
external datasets on trees traits, physicochemical soil parameters and environmental conditions. 
This allowed us to discriminate local from global effects on soil fungal communities. Chapter 3 
used accumulated gene information from public databases to estimate bacterial functionality in 
relation to root functional dispersion measurements. Finally, Chapter 4 revealed microbial niche 
preferences, by considering the broad available knowledge about microbial traits. 
Technological advances and software resources to gain ecological understanding 
In the frame of SoilForEUROPE, several soil trophic levels from microorganisms to micro-, meso- 
and macrofauna were studied to gain a more comprehensive view on soil biodiversity. The main 
traits driving the high diversity of soil organisms are their body size fractionation whereby smaller 
soil organisms are more abundant, but also their functional differentiation (FAO et al., 2020). The 
structural and functional study of soil microbes by traditional methods like culture-based 
approaches underestimates this huge microbial diversity. Thus, molecular methods such as next 
generation amplicon-sequencing, with a well-balanced cost/time ratio, are currently the dominant 
approach to evaluate bacterial and fungal communities in soils (Knief, 2014, Hugerth & 
Andersson, 2017). They do not only dramatically enhance the resolution of biodiversity studies, 
but also provide functional indications with the help of existing databases (Hiraoka et al., 2016, 
Põlme et al., 2020). However, molecular methods face some limitations. The preparation and the 
execution of next‐generation DNA sequencing is challenging, because they are susceptible to 
random and systematic errors at every step, from sample collection, storage, DNA extraction, 
sequence library preparation, sequencing and downstream processing of large amounts of data. 
The work with DNA is complicated by its sensitivity to damage, degradation or extraction process, 
copies of the rRNA genes, the choice of primers, and the introductions of PCR biases (see detail 
information in Hugerth and Andersson (2017)). Fortunately, many of these possible errors can be
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compensated during the bioinformatics processing of the generated sequences. Upstream 
bioinformatics tools are currently indispensable in modern molecular biological-ecological 
research, e.g. sequencing quality filtering, merging of paired-end reads, chimera removal and 
detection of errors using error models (Pérez-Cobas et al., 2020). 
Likewise, microbial ecology integrated a broad range of down-stream bioinformatics and software 
tools to perform different analytic steps such as sequence assembly and annotation, taxonomic 
and functional assignments, intra and inter-environmental interaction networks, simulation 
studies, followed by statistical analysis (for description of bioinformatics tools and software see Di 
Bella et al. (2013), Oulas et al. (2015), Dubey et al. (2020)). Within these set of tools, functional 
trait assignment tools such as FunGuild (used in Chapters 2 and 4), and prediction tools of 
functional gene abundance, such as Tax4Fun (used in Chapters 3 and 4) offer valuable 
information regarding soil functionality and microbial traits (Asshauer et al., 2015, Nguyen et al., 
2016). These tools are suitable options for cheap and fast functional screenings and exploratory 
analyses in experimental fields and natural environments, because the in silico outcomes may 
indicate future directions and facilitate forthcoming studies with more punctual questions 
(Sansupa et al., 2021, Berkelmann et al., 2020). However, they should not be considered to be 
substitutes for soil activity measurements, characterization of isolates, or whole genome-
sequencing to determine microbial functionality and traits (Pérez-Cobas et al., 2020, Baldrian, 
2019). Current functional and trait characterization tools rely on created databases and include 
several datasets that can discriminate communities from different environments or niches (Põlme 
et al., 2020, Wemheuer et al., 2020), which aids the comprehension of the organisms within their 
environment. Therefore, new challenges include the need to structure and select the right set of 
tools in order to solve biological questions efficiently. 
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Tree diversity and microbial communities in the frame of trait-strategies 
Human development led to increased commodities and food productivity, and a drastic change 
within forests, primarily in Europe and subsequently in other places like the Americas, as was 
noticed during Humboldt’s expeditions (Wulf, 2015, Liu et al., 2018). Today, there are more 
monocultures and fewer multispecies forests. While we have a reasonable understanding of the 
aboveground implications of tree biodiversity erosion on forests, we know less about its impact 
on belowground biodiversity and functionality (Liu et al., 2018, Miura et al., 2015). Forest soil 
research has a high potential to decipher the influence of aboveground biodiversity loss on soil 
organisms and their functions. The SoilForEUROPE project and this thesis contribute to this issue 
by analyzing the joint relationships of tree diversity and tree identity on soil bacterial and fungal 
diversities and the potential soil processes these microorganisms steer. In the following, I will 
discuss how the main findings of our studies have helped to assess the main hypotheses which 
directed this PhD research as presented in the Table 1 of Chapter 1: 
Chapter 2 - Hypothesis: Soil fungal diversity relates to tree trait diversity while enzyme activities 
are more strongly linked to root traits than to leaf or litter traits. 
 Both the tree diversity and tree identity impacted soil microbial communities across
different European forests, but tree identity seemed to have higher effects. These effects
were observed at the level of functional guilds, especially for pathogens and the interplay
between symbiotrophs and saprotrophs, which follow biotrophic interactions and tree litter
quality, agreeing with previous research from Tedersoo et al. (2015) and Chen et al.
(2019). However, Chapter 2 went further and revealed specific relationships of litter quality
traits (e.g. nitrogen and lignin contents) and root traits (e.g. N concentrations and high
specific root length) with diversity and community composition of those fungal guilds. The
impact of litter and root traits at microbial functional level is due to the dependence of
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enzymatic activities especially on root traits which differ according to the forest types. The 
higher latitude temperate forest types correlated with high carbon‐cycling enzymatic 
activities, oppositely to the Mediterranean forests with high enzymatic activities related to 
nitrogen and phosphorous metabolism, revealing the main biogeochemical constraints of 
Europe forest ecosystems. While a similar approach on the importance of tree traits on 
fungal communities was recently tested under controlled conditions and other vegetation 
types (Spitzer et al., 2021, Sweeney et al., 2021), this thesis is reporting on fungal 
communities and their associated functions under field conditions, underlining higher 
applicability of the current results in forest management. 
Chapter 3 - Hypothesis: The functional dispersion of root traits affects structure and functionality 
soil bacterial communities.  
 Soil forest ecosystems harbor a huge bacterial diversity, which contribute to a range of
essential soil processes involved in the cycling of carbon, nitrogen, and phosphorus. Our
study also reinforces this general knowledge, but focus on the still poorly explored
ecological mechanisms between above‐belowground organism interactions (lladó et al.,
2018). Chapter 3 studied divergence of root traits (root‐functional dispersion) as proxy
mechanism of niche differentiation in relation to bacterial communities and their functional 
genes. The bacterial diversity does not relate to the root functional dispersion gradient 
from monoculture to multispecies forest. Instead, the root dispersion impacts bacterial 
genes related to plant growth activities, but those functional effects decline with high levels 
of root functional dispersion and were more intense under particular tree species e.g. oak 
and hornbeam. Again, our results suggested that bacterial functionality is rather more 
influenced by tree species identity than tree species richness, concurring with findings of 
Dukunde et al. (2019). Chapter 3 also pointed out that root trait divergence facilitates 
increased bacterial interactions in multispecies forests compared to monocultures, which 
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points towards more stable forest systems with greater plant growth activities (Karimi et 
al., 2017).  
Chapter 4 - Hypothesis: Bacterial and fungal assemblies are impacted by forest composition and 
also differ with the soil depths gradient.  
 Impact of forest composition on bacterial and fungal communities was tested at tree 
functional levels between evergreen, deciduous and mixed forest. Likewise, these 
microbial communities were evaluated through the vertical nutrient gradient along soil 
profiles, as presented and discussed in Chapter 4. Specifically, Chapter 4 revealed that 
both, bacterial and fungi diversity responds negatively to an increase in proportions of 
evergreen trees in a forest and that microbial diversity is enriched in top soils, confirming 
previous studies of Jobbágy & Jackson, (2001), Tedersoo et al., (2015), Goebes et al.,
(2019). Furthermore, the structure of bacterial communities was more associated to soil 
depth, while the structure of fungal communities was rather shaped by forest composition, 
which concurs with the stronger dependence of bacteria to abiotic environmental 
parameters compared to the stronger dependence of fungi on their associated plant 
partners (Uroz et al., 2016, Osburn et al., 2019, Wang et al., 2020, Habiyaremye et al., 
2021). Forest composition and soil profiles differently affected microbial community 
composition. For example, deciduous forest and top soil were characterized by bacteria 
linked to nutrient-rich conditions and saprotrophic fungi. In contrast, evergreen forests 
and subsoils harbored soil bacteria and fungi tolerant to harsh soil conditions, like low pH 
and low nutrients. Interestingly, the mixed forest compared to monospecific forests are 
not only able to maintain, but also to enhance, several ecosystem functions and positive 
plant-microbial feedback mechanisms such as microbial photosynthesis and nitrogen 
metabolism. Mixed forests may therefore have a higher capacity to face to possible biotic 
and abiotic disturbances (Bauhus et al., 2017).
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In general, Chapters 2 and 3 showed that tree root traits and litter quality traits impact either the 
microbial assemblages or their putative functions and activities. Chapter 4 demonstrated the main 
niche preferences of bacteria and fungi according to deciduous or evergreen trees and their 
mixtures across different soil depths. Our findings agree with previous studies, that tree richness 
and particularly tree species identity, shape microbial communities, (Chen et al., 2019, Scheibe 
et al., 2015, Rivest et al., 2019, Tedersoo et al., 2015, Khlifa et al., 2017). In addition, the 
innovation of this thesis lies in revealing the fundamental role of tree traits for filtering the microbial 
species pool as well as the response of microbial communities to particular forest conditions. 
The studies presented in this thesis evaluated the factors influencing microbial community 
assembly in forest soils by using a trait based approach that enabled us to tackle the 
organisms’ ecological strategies, as explained in the introduction section. Making use of tree 
traits, an approach recently extended to microbial ecology, which enable to link microbial 
functions with microbial community fitness under particular environmental conditions, like the 
ones in forests (Lajoie & Kembel, 2019). Although, the use of trait-based and ecological strategies 
are considered as being a new approach, mostly of the traditional microbiology identify bacteria 
taxa based on phenotypic characteristics (Bergey & Breed, 1957) and fungi by using specific 
morphological or anatomic features (Alexopoulos et al., 1996). Moreover, bacteria and fungi 
identification also considers their niche description (Baldrian, 2019, Franco-Duarte et al., 2019). 
Therefore, traditional taxonomical descriptions are foundations of trait-based approach and define 
microbial ecological strategies. Nowadays, the novelty of this approach is revisited based on the 
molecular revolution, which extent the functional characteristics of microbes by assessing their 
genomes and phylogeny (Escalas et al., 2019). The used trait approaches which reveal microbial 
life strategies, not only broaden ecological views, but also aim to provide mechanistic 
explanations to ecological patterns and more robust predictions of ecological dynamics and 
ecosystem function (Lajoie & Kembel, 2019). Add this mechanistic information is the advantage 
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of the trait-based approaches and therefore it does not compete but rather complement the 
traditional taxonomic approach. 
According to Malik et al. (2020), microbial functional traits can be ordered according to three 
strategies: Y, for a yield based strategy referring to the growth per resource unit, which inherently 
refers to a metabolic efficiency; A, for resource acquisition strategy, which refers to competition 
over resources and the capacity to use a kind of substrate (from complex biopolymers to simple 
and mobile substrates); and S, the stress tolerance, which represents common microbial 
phenotypic expressions to tolerate stress conditions e.g. the potential of adaptation to desiccation 
by osmolyte production or of repair of cell damage. Fungal life strategies may also reflect the Y-
A-S framework. For example mycorrhizal fungi, free-living filamentous fungi, and yeasts carry 
particular fungal traits that confer to them different life strategies (Treseder & Lennon, 2015). 
Mycorrhizal fungi form mutualistic relationships with plant roots, obtaining most of their carbon 
from their plant partners, and can reach efficient growth rates per unit of resource (Bonfante & 
Genre, 2010), suggesting a Y strategy. The free-living filamentous saprotrophs compete while 
degrading complex compounds, such as lignin, cellulose, and chitin, making them ideal 
candidates for the A strategy. In contrast, yeasts are considered to be specialized for simpler 
compounds, such as sugars, and are more persistent in extreme or stressful environments, such 
as very cold, dry, saline, or acidic habitats, which suggests an S strategy (Crowther et al., 2014, 
Treseder & Lennon, 2015, Põlme et al., 2020).  
The outcomes of the Chapters 2, 3 and 4 suggest that trees drive microbial communities, implying 
different microbial traits and life history strategies thrive under different forest composition (i.e. 
deciduous, evergreen, or mixed forests).  Figure 1 conceptualizes these microbial strategies for 
(a) bacterial pathways and (b) fungal guilds according to the Y-A-S framework, in order to assess 
whether particular microbial traits can reveal general patterns of microbial life-history strategies 
in relation to variation in forest tree species composition. Therefore, the use of bacterial and fungal 
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traits in the framework of a trait approach can help to reveal the microbial life-history strategies 
and features related to deciduous, evergreen, and mixed forests and offer some indications to 
solve our last hypothesis: 
Chapter 5 - Hypothesis: Tree identity drives microbial communities and thereby a particular 
microbial traits and life-history strategies might be favored under a particular forest soil 
composition. 
Figure 1. Relative 
abundances of a) bacterial 
pathways, obtained with 
Tax4Fun2 (Wemheuer et al., 
2020), and b) fungal guilds, 
obtained with FungalTraits 
(Põlme et al., 2020), as 
proxies for microbial 
strategies according to the Y-
A-S framework across 
deciduous, mixed and 
evergreen forests. Letters on 
top of bars represent 
statistical HSD and Dunn tests 
for overall bacterial pathways 
and fungal lifestyles, 
respectively. In bold are 
specific bacterial pathways or 
fungal lifestyles, which 
showed significant differences 
across forest compositions. 
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 Overall, all selected bacterial pathways did not show changes among deciduous, mixed
and evergreen forests (Figure 1a), but some pathways appeared to differ significantly, i.e.
sphingolipid metabolism, flagellar assembly, and carotenoid biosynthesis, which are
related to bacterial Y, A, and S strategies, respectively. This outcome illustrates that forest
soils are complex ecosystems that offer several niches supporting different microbial life
strategies (Baldrian, 2016). However, finer resolutions, i.e. gene relative abundances,
reflecting microbial pathways might be even more effective to capture functional changes
related to forest tree species composition (Shao et al., 2021). This was shown, for
instance, in Chapter 3, where plant growth promotion genes from bacteria were enriched
in mixed forests compared to monocultures.
In the case of fungal lifestyles (Figure 1b), the overall analysis revealed significant 
differences among deciduous, mixed and evergreen forests, probably due to the 
significant associations of trees with fungal communities as discussed in Chapter 2. Soil 
fungi following the Y strategy were more frequently detected under deciduous and mixed 
forests, while the A strategy was significantly more encountered in mixed forests, and the 
S strategy was not significantly varying among the three forest types even though there 
was an increase trend for this group in evergreen forests. These outcomes are supported 
by the results of Chapter 4, showing a general trade-off strategy between resource 
acquisition and stress tolerance associated with shifts of free-living filamentous 
saprotrophs and yeasts in deciduous and evergreen forest, respectively. Furthermore, the 
mixed forests showed a higher diversity of strategies, which might be related to a higher 
forest multifunctionality, redundancy and resilience, also suggested in Chapter 4 and 
concurring with findings of van der Plas et al. (2016), Felipe-Lucia et al. (2018), Ampoorter 
et al. (2020), Gillespie et al. (2020) . 
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A last view of figure 1 highlights the search for mechanisms of the trait-based approach, for 
example the flagellar assembly pathway is a bacterial trait that is differentiated between different 
forest compositions and it can bring benefits under the resource acquisition strategy (A). In this 
regard Scharf et al. (2016) state that the flagella is a competitive advantage to certain bacterial 
species, because the ability of motile bacteria to survive in the soil and to compete for root surface 
colonization. This observation is independent of the taxonomical affiliation of the bacterial species, 
but reveals that a key mechanism for the resource acquisition strategy is the bacterial flagella. 
Therefore, the main advantage of the microbial trait approach rests on contextualizing the traits 
in a structured and meaningful way, allowing a move towards a more precise understanding of 
what shapes functionality of microbial communities. 
Study limitations and outlook 
The main objective of the SoilForEUROPE project was to unravel the links between tree species 
richness in different types of forest under a climatic range extending form the Boreal to the 
Mediterranean zones, focusing on soil biodiversity as long-neglected factor for the functioning of 
European forests. SoilForEUROPE explored only two levels of tree diversity (1 and 3 tree species) 
and thus does not address of higher tree biodiversity and identity levels, which would significantly 
affect microbial communities (Tedersoo et al., 2015, Weißbecker et al., 2019). However, the 
SoilForEUROPE design, considering four European countries, brought general insights into soils 
across major European forest types at continental scale with a homogenized sampling method, 
which led to robust results. Due to the variable complexity that results from this design, the data 
analyses were challenging, since the broad latitudinal gradient often overlapped with the specific 
effects of tree diversity and identity. Strong geographic determinants, such as soil characteristics, 
climate variables or plot location were major drivers of bacterial and fungal communities, and 
consequently blurred local effects (Tedersoo et al., 2014, Delgado-Baquerizo et al., 2018, lladó 
et al., 2018). Therefore, future studies on natural landscapes should include a higher statistical 
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representation, which allows to better discriminate between global and local drivers. Additionally, 
the selection of the tree types is a critical point, because the selection criteria based on 
aboveground traits do not pay a balanced tribute to all types of soil microbial groups in forest soils. 
For instance, in the SoilForEUROPE tree selection arbuscular mycorrhizal trees were 
underrepresented, despite arbuscular mycorrhizal fungi being the most widespread fungal 
symbionts of plants (Bonfante & Genre, 2010). Moreover, this work focused on bulk soil, but other 
soil compartments, such as litter, rhizosphere and root endosphere are directly affected by tree 
types (Baldrian, 2016, lladó et al., 2018). Therefore, complementary analysis with trait approaches 
on these compartments could bring novel ecological insights. 
However, the most valuable feature from SoilForEUROPE is the joint effort of multidisciplinary 
partners to compile data of key soil organism groups and functional activities to unravel forest 
ecology. Following steps of SoilForEUROPE embrace the synthesis of the different project results 
to come to a more integrative understanding to disentangle the microorganisms’ role in the whole 
edaphon (term to call the whole community of soil organisms) on forest functioning. The 
multidisciplinary synthesis of the SoilForEUROPE results moves towards Humboldt’s global vision 
of “how to investigate the nature world not from the claustrophobic angle botanist, zoologist or 
microbiologist but within and without...”, thus, without this cooperative work, the analyses of 
microbial communities would be distant from the “web of life” concept described by Humboldt that 
reflects on the connectivity of the nature and a more holistic view (Wulf, 2015). Apparently, this 
concept is intimately representative for microorganisms, because they are everywhere and 
regulate any system (Berg et al., 2020). Though they are the tiniest organisms on earth, they 
are also the most diverse and connected organisms, performing some of the most important 
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With this page I finish my PhD thesis and I feel very happy and satisfied about my work, through 
this PhD thesis I hope to make my contribution to understand the “web of life” and spread some 
forest microbial knowledge as the Moriche palm “spread life” in the llanos. However, I am not only 
joyful because the academic gained experience and novel knowledge presented, but also 
because I have enjoyed this adventure: from the sampling in several countries, similar to 
Humboldt’s collecting specimens in countries of America and Eurasia. Likewise, the middle 
working stages such as sample preparations, measurements and data analysis, enriched my 
ecological understanding as well as Humboldt’s evolved his nature ideas with Latin American’s 
biology and geography research. Moreover, like Humboldt with his book Kosmos, now I realize 
that the long writing period from reports, papers and this thesis demand the greatest effort of the 
adventure but also is the most meaningful way to contribute permanently to the scientific 
advancement. Of course, my gained knowledge, scientific contribution and adventure during this 
PhD period, would be not possible without the discussion and social feedback components, also 
a key aspect of Humboldt's life as is describe in “The invention of nature – Alexander von 
Humboldt’s new world” by Andrea Wulf. In her book she reveals more than a biography, vicarious 
travelogue or ideas summary book.  She went further by describing Humboldt’s life and science 
as a constant discussion and interaction with people, either by personal exchange or through 
his texts.  Humboldt produced a nature science impact, but also an effect in other fields such as 
literature and politics. Humboldt’s influence on personalities such as Goethe, Charles Darwin, 
Ernst Haeckel or Simon Bolivar among many others are well known, and now I am joining this 
list. With this view, I think that the “web of life” is not merely a scientific concept but should be 
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